The Influence of Electrode Fabrication on Induced X-Ray Photocurrents in CVD Diamond Radiation Detectors. by Abd E-Rahman, Mohammed.
University of Surrey
The influence of electrode fabrication on 
induced X-ray photocurrents in CVD 
diamond radiation detectors
By
M oham ed El-Rahman
Supervised by 
Dr. Annika Lohstroh 
Prof. Paul J. Sellin
Thesis submitted for the d egree o f  D octor  o f  P h ilo so p h y
Faculty of Engineering and Physical Science 
Departm ent of Physics
Septem ber 2011
ProQuest Number: 27558188
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27558188
Published by ProQuest LLO (2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
List o f  sym bols and abbreviations
^^ induced induced charge
At time interval
Ax distance
\e/h) mean free drift path (of electrons/holes respectively)
V incident frequency
incident wavelength
V scattered wavelength
K compton wavelength
l^ (e/h) mobility (of electrons/holes respectively)
l^ 0 (e/h) mobility (of electrons/holes respectively) at zero field
Mx mobility-lifetime product
0 scattering angle
P mass density
£ relative permittivity
£o space permittivity
P^E cross section for the photoelectric effect
'''eff-(e/h) effective deep-trapping lifetimes (of electrons/holes respectively)
(^e/h) average lifetime/trapping time (of electrons/holes respectively)
T'10%-90% 10 % to 90 % rise time
9o(x) weighting potential
A Linearity index
a-source Alpha source
a lattice constant
Al/Pt Aluminium / Platinum
Americium-241
Bq Becquerel
c speed of light
CCE Charge Collection Efficiency
CCL Charge Collection Length
CVD Chemical Vapour Deposition
^Zi number of atoms per volume with atomic number Z;
CZT Cadmium Zinc Telluride
d detector thickness/distance between two electrodes
DLC Diamond Like Carbon
DIW de-ionized water
DLS Diamond Light Source
D dose rate
e electron charge
Eopt optical phonon energy
E electric field
Eo(x) weighting field
Ea activation energy
Eg band gap energy
A incident particle/photon energy
Ep minimum ionizing electrons
Eb binding energy
Ek kinetic energy
AE energy resolution
ehp electron hole pair
ESRF European synchrotron radiation facility
e(e/h) emission rate (of electrons/holes respectively)
EDX Energy dispersive X-ray
E6 Element Six Ltd
F fluency
fcc face-centred cubic
FETs field-effect transistor
FWHM full width at half maximum
Gy gray
G photoconductive gain
h Planck’s constant
HP/HT High Pressure/High Temperature
HNO3 Nitric acid
HCl hydrochloric acid
HPS-Pt high purity single crystal CVD diamond with platinum contact
HPS-Al/Pt high purity single crystal CVD diamond with aluminium/platinum contact
H2 SO4 Sulphuric acid
I-V current-voltage
I average energy for the excitation or ionization
Io = I(t=0) initial current
I(t) current as a function of time
linduced induced current
im induced current on electrode m
IR infra red
kB Boltzmann’s constant
KrF krypton fluoride
IAEA International Atomic Energy Agency
LiF Lithium fluoride
m mass
me electron rest mass
MIPs Minimum ionizing particles
MPE Microwave Plasma Enhanced
MCA Multi Channel Analyser
n free carrier concentration
N number of density (atoms per area)
N e f f net effective space charge
Ny density of states in the valence band
NSLS National Synchrotron Light Source
PC CVD polycrystalline CVD diamond
11
PC photo (induced) current
PL photoluminescence
PCB printed circuit board
Pt Platinum
PLD Pulsed Laser Deposition
Poly-C Polycrystalline CVD diamond with carbon contact
Poly-C/Ni Polycrystalline CVD diamond with carbon/Nickel contact
Poly-Pt Polycrystalline CVD diamond with platinum contact
q charge
Qm induced charge on electrode m
Qo total created charge
Qoo collected charge
R range
RD radiation dosimetry
RF radio frequency
rpm Revolutions per minute
S stopping power
S.c semiconductor
SC CVD single crystal diamond
SXM Scanning x-ray microscope
SC-C/Ni Single crystal CVD diamond with Carbon/Nickel contact
SNR Signal to Noise Ratio
SD Standard deviation
SiOz Silicon dioxide
t time
T temperature
^1 0% time position of 1 0  % amplitude
Tr(e/h) transit time or drift time (of electrons/holes respectively)
ta-C tetrahedral amorphous carbon
TL Thermoluminescence
TLD Thermoluminescence dosimeter
TCT Transient current technique
TSC thermally stimulated current
T' Kinetic energy of ejected electron
T+ Kinetic energy of ejected hole
Ti/Au Titanium/Gold
Torr a non-SI unit of pressure
UV Ultra Violet
V velocity
Vsat saturation velocity
\h thermal velocity
Vdr(e/h) drift velocity (of electrons/holes respectively)
V bias voltage
Vth threshold voltage
VS-Pt lower purity single crystal CVD diamond with Platinum contact
Wehp Average energy to create an electron hole pair
Ill
X interaction depth
Ze charge of the incident charged particle
Z atomic number
IV
Acknowledgment
Thanks GOD who gives us the power and hope to succeed.
I wish to express my thanks to Dr. Annika Lohstroh, for her guidance, supervision and 
constant support during these years of research that led to the preparation of this work.
I would like to express my appreciation to Professor Paul Sellin for his driving inspiration, 
continuous encouragement and fruitful discussion.
I am honored to record my deepest sense of gratitude and thanks to my friend Yahia El-Sayed 
for his continued encouragement and support throughout my time at the University.
My special thanks are also extended to all members of the Department of Physics, especially 
Peter Bryant, Dr. Sandeep Chaudhuri, Dr. Fabio Schirru and Dr. Veramann Perumali.
I wish to express my sincere thanks to Imalka Jayawarden, a PhD researcher in the Advance 
Technology Institute (ATI), and Dr. Simon Henley, ATI, for their help performing the experiments 
at the ATI.
There are not enough words to thank my wife, my son, my brother and my sister for their 
support, endurance and encouragement during all the hours of hard work to complete this thesis.
Finally, I wish to express my sincere thanks to the Egyptian Armed Forces for giving me the 
opportunity to undertake this PhD thesis, especially Colonel Dr. Ashraf El-Sherif.
It is to my late parents that I dedicate this thesis.
Table of contents
1 Introduction....................................................................................................................................1
2 Semiconductor radiation detectors............................................................................................. 6
2.1 Interaction of y and X-rays with m atter........................................................................... 6
2.1.1 Photoelectric effect.....................................................................................................6
2.1.2 Compton scattering..................................................................................................... 6
2.1.3 Pair production........................................................................................................... 7
2.2 Interactions of heavy charged particles.......................................................................... 8
2.3 Interactions of light charged particles.......................................................................... 10
2.4 Creation of charge carriers....................................   11
2.5 Shockley-Ramo theorem and the Hecht equation....................................................... 12
2.6 The dosimetric characteristics of diam ond..................................................................16
2.6.1 Dose rate dependence.............................................................................................. 16
2.6.2 Sensitivity and specific sensitivity........................................................................ 16
2.6.3 Photoconductive g a in .............................................................................................. 17
2.6.4 Reproducibility..........................................................................................................17
3 Literature Review........................................................................................................................ 19
3.1 Physical properties.............................................................................................................19
3.1.1 H ardness.....................................................................................................................19
3.1.2 Structure and bonding.............................................................................................. 20
3.1.3 Thermal conductivity............................................................................................... 21
3.1.4 Optical properties.....................................................................................................21
3.2 Tissue equivalence............................................................................................................ 21
3.3 Electrical properties.......................................................................................................... 22
3.3.1 Bandgap......................................................................................................................22
3.3.2 Breakdown voltage..........................................................................................   22
3.3.3 Dark current-voltage characteristics..................................................................... 22
3.3.4 Charge carrier m obility............................................................................................22
3.3.5 Charge carrier saturation velocity..........................................................................23
3.3.6 Carrier life tim e......................................................................................................... 23
3.3.7 Energy resolution......................................................................................................23
3.3.8 Charge Collection Efficiency.................................................................................24
3.3.9 Defects........................................................................................................................24
3.4 Applications........................................................................................................................25
3.4.1 Diamond as thermoluminescence dosim eter.......................................................26
3.4.2 Comparison with com petitor..................................................................................27
3.5 Sensitivity m apping.......................................................................................................... 28
4 Device Fabrication.......................................................................................................................32
4.1 Description of sam ples....................................................................................................32
4.2 Surface preparation and fabrication............................................................................... 33
4.2.1 Cleaning and oxidation............................................................................................33
4.2.2 Electrode deposition................................................................................................ 33
4.2.2.1 Mounting the samples.........................................................................................34
4.2.3 Carbon deposition contact by Pulsed Laser Deposition (PLD).......................34
4.2.3.1 Experimental set-up............................................................................................ 35
4.2.3.2 Annealing the devices..........................................................................................36
4.2.3.3 Mounting the devices.........................................................................................37
VI
4.2.5.4 Single crystal carbon contact fabrication.........................................................38
4.2.3.5 Characterisation of the PLD layers................................................................... 38
5 Characterisation techniques......................................................................................................40
5.1 I-V characterisation..........................................................................................................40
5.2 Broad beam X-ray photocurrent measurem ents......................................................... 40
5.3 X-ray m apping...................................................................................................................41
5.3.1 Development of X-ray mapping system at Su rrey ...........................................41
5.3.1.1 X-ray mapping set-up (at Surrey)..................................................................... 42
5.3.1.2 Characterizing the spot size............................................................................... 44
5.3.1.2.1 First method: using fluorescent paper and a video cam era .................44
5.3.1.2.2 Second method: stepping over an edge of a Silicon PIN diode 44
5.3.1.3 Calculating the dose rate....................................................................................47
5.3.2 S ynchrotron Microbeam m apping........................................................................ 49
5.3.2.1 Experimental set-up at the NSLS M icrobeam ...............................................49
5.3.2.2 Experimental set up at the DLS synchrotron................................................. 50
5.4 Alpha spectroscopy..........................................................................................................51
5.4.1 Experimental set-up.................................................................................................51
5.4.2 Detector energy calibration procedure and calculation of the charge
collection efficiency.................................................................................................................52
6  Effects of contacts and annealing on dosimetric characteristics..........................................54
6 .1 Result and discussion...................................................................................................... 54
6.1.1 I-V characteristics.................................................................................................... 55
6.1.2 Pulse shape characterization.................................................................................. 57
6 .1.3 Dose rate dependence and linearity......................................................................64
6 .1.4 Signal amplitude...................................................................................................... 6 6
6 .1.5 Reproducibility.........................................................................................................6 8
6.2 Summary and Conclusions..............................................................................................70
7 Mapping of single crystal diamond.......................................................................................... 71
7.1 X-ray mapping at the University of Surrey ................................................................. 71
7.1.1 Preparation of VS-Ti/Au sam ple.......................................................................... 71
7.1.2 Mapping as a function of bias voltage................................................................. 72
7.1.3 Characteristics of the p o in ts .................................................................................. 75
7.1.3.1 Pulse shapes.......................................................................................................... 75
7.1.3.1.1 Photocurrent pulse shapes under varying bias voltage at different 
points 75
7.1.3.1.2 Pulse shape and 10 % to 90 % Rise tim e.................................................78
7.1.3.2 The effect of varying duration of x-ray switching off tim e......................... 81
7.1.4 Summary and Conclusions.....................................................................................82
7.2 National Synchrotron Light Source (NSLS) M icrobeam ..........................................84
7.2.1 Preparation of the sample (VS-Pt)........................................................................ 84
7.2.2 Experimental set up at the NSLS M icrobeam ....................................................85
7.2.3 Nitrogen lines images -  spatial resolved analysis............................................. 85
7.2.4 Microbeam-average induced current analysis.................................................... 89
7.2.4.1 The normalised response of the detector before annealing......................... 89
7.2.4.2 The effect of annealing on the normalised response of the detector 92
7.2.5 Summary and Conclusions.....................................................................................96
7.3 Diamond Light Source Synchrotron (DLS) M icrobeam ...........................................98
7.3.1 Sensitivity maps imaging of V S -P t....................................................   98
7.3.2 Nitrogen lines images- spatial resolved analysis of V S-Pt............................ 101
VII
7.3.3 Microbeam induced photocurrent pulse shapes of V S -P t.............................103
7.3.4 Summary and Conclusions................................................................................. 106
7.3.5 Sensitivity map imaging of HPS-Pt...................................................................108
7.3.6 HPS-Al/Pt sample................................................................................................. 110
7.3.6.1 Sensitivity maps imaging of HPS-A l/Pt........................................................ 110
13 .6 .2  Microbeam induced photocurrent pulse shapes of HPS-A l/Pt..................114
7.3.6.3 Summary and Conclusions...............................................................................116
8  Diamond radiation detectors with Carbon contact deposited by Pulsed Laser Deposition
117
8 .1 Polycrystalline CVD diamond (Poly-C, Poly-C/Ni and P o ly-P t)........................ 117
8.1.1 Electrical characterisation and x-ray m easurem ents......................................117
8 .1.1.1 I-V characteristics.............................................................................................117
8 .1.1.2 Linearity and dose rate dependence................................................................119
8 .1.1.3 Signal amplitude.................................................................................................121
8 .1.1.4 Time response (Rise and fall-off tim es).................................   123
8 .1.1.5 Reproducibility...................................................................................................125
8.1.2 Summary and Conclusions................................................................................. 126
8.2 Single crystal CVD diamond with C/Ni contact (SC-C/Ni).................................. 128
8.2.1 Electrical characterisation and x-ray m easurem ents.......................................128
8.2.1.1 I-V characteristics.............................................................................................128
8 .2.1.2 Linearity and dose rate dependence................................................................129
8.2.1.3 Signal amplitude.................................................................................................129
8.2.1.4 Time response (Rise and fall-off tim es)...................................................... 131
8.2.1.5 Reproducibility...................................................................................................133
8.2.2 Summary and Conclusions................................................................................. 134
9 Alpha spectroscopy of single crystals.................................................................................... 135
9.1 Alpha spectroscopy of the SC -C /N i............................................................................135
9.1.1 Alpha spectra.......................................................................................................... 135
9.1.2 Energy resolution................................................................................................... 136
9.1.3 Charge Collection Efficiency and Mobility-lifetime product........................137
9.1.4 Summary................................................................................................................. 138
9.2 SC-C/Ni compared with HPS-Pt, VS-Pt and HPS-Al/Pt......................................... 139
9.3 Alpha spectroscopy of H PS-P t.....................................................................................139
9.3.3 Alpha spectra.......................................................................................................... 139
9.3.4 Energy resolution................................................................................................... 140
9.3.5 Charge Collection Efficiency and Mobility-lifetime product........................ 140
9.4 Alpha spectroscopy of the V S -P t................................................................................ 141
9.5 Alpha spectroscopy of the HPS-A l/Pt..................................   143
9.6 Summary and Conclusions...........................................................................................143
10 Summary and Conclusions..................................................................................................... 145
List of figures....................................................................................................................................151
List of tab les......................................................................................................................................158
Bibliography.....................................................................................................................................159
Published p ap e rs ..............................................................................................................................167
Vlll
1 Introduction
Diamond is regarded as suitable material for radiation detection purposes when used as a solid-state 
ionization chamber. One of its advantages is its near tissue equivalence [1-6] where its atomic 
number is comparable to that of human tissue (Z= 6  for diamond and Tj^ I.5  for human tissues). 
Thus the energy absorbed by the diamond is similar to that absorbed by human tissue, which 
negates the need for correction mechanisms [6 ] when analysing the dosimetric results. Its high 
bandgap (5.5 eV) [1,3, 7-9] ensures low dark currents and hence a low background noise and gives 
it a low sensitivity to the visible and IR parts of the spectrum, which is sometimes, termed visible 
blindness [10], making it optimum for use in deep UV/photo detection. It has a high electron and 
hole mobility [2, 3, 7, 8 ], which permits a fast time response. Moreover, its crystal structure has 
strong bonds [2, 3], which makes it resistant to radiation damage and its relatively high density [3] 
results in an elevated specific sensitivity. The above properties make this material suitable for a 
number of applications such as radiotherapy.
Other advantageous properties of diamonds, like its chemical inertness, non-toxicity, radiation and 
mechanical hardness, high thermal conductivity and high electrical breakdown have motivated its 
use in high temperature and extreme radiation environments [4, 6 -8 ].
For diamond, its small size is an advantage when used as an ionization chamber as it can give a 
high spatial resolution compared to gas filled ionisation chambers. An other advantage of diamond 
is its much higher density to that of gas (solid state/gas density ~ 3x10^) as well as the lower 
energy required to produce one charge pair [6 , 1 1 ].
The two common solid state based x-ray dosimeters in use are natural diamond ionisation chambers 
and silicon diodes. Silicon diodes have a high sensitivity and spatial resolution, however when 
silicon is used for X-ray measurements a large portion of the energy is absorbed in the surface and 
subsurface regions [11, 12]. Therefore it is preferred to use diamond in this case because a very 
small part of the radiation is absorbed in the diamond surface due to its small atomic number 
(Z=6 ). This property has two advantages; firstly it absorbs a very small percentage of radiation 
(high transmission) which is a requirement, especially when dealing with low x-ray energy in x-ray 
beam monitoring for example in a synchrotron. The second advantage is that the atomic number of 
diamond is almost equal to the atomic number of human tissues and therefore it does not require a 
correction mechanism in medical applications.
It is preferable to use electrical contacts with low thickness and low atomic number in medical 
applications. For this reason, carbon as an electrical contact is an ideal choice. PLD of amorphous 
carbon and carbon/metal mixtures allow us to control the electrical properties of the electrode layer 
by the variation of deposition parameters. Amorphous carbon films (containing a high proportion 
of sp  ^ bonds) are called diamond-like carbon (DLC), they have similar properties to diamond, 
particularly of interest in this context are radiation hardness, tissue equivalence, non-toxicity and
1
chemical inertness [13, 14], Therefore the development of DLC as electrodes films will help 
applications in medical x-ray dosimetry. As such the dosimetric characteristics of the diamond 
devices will be studied when using different types of carbon as electrical contact. All these contacts 
have been fabricated by using PLD.
Diamond ionisation chambers commercialized by PTW are fabricated using natural Il-type crystals. 
They are very attractive because they fulfil radiotherapy application requirements, where they have 
very small volume of detection (a few mm^) coupled with a high sensitivity and a very fast 
response time (< 1 sec) enabling it to cope with the sharp transients of the irradiation fields [1,5, 
6 ]. However, the scarcity of the natural diamonds of sufficient quality make it very time consuming 
to identify the suitable ones through sorting procedures, which makes them expensive, and with a 
poor inter sample reproducibility making other alternatives very appealing. This has led to the use 
of chemical vapour deposition (CVD) diamond as an alternative to natural diamonds. Recently, 
CVD single crystal diamond has become commercially available, giving the chance to study the 
properties of synthesised materials. Some of its advantages over its counterpart include reduced 
cost, elimination of non-diamond carbon phases [1 2 ] as well as control of impurity concentrations 
[2]. The mentioned factors as well as its exceptional physical properties (optical, thermal and 
mechanical) make it a suitable material in use in photon and particle detectors [6 , 8 , 15].
To improve detection performance, the parameters affecting the charge transport must be 
understood, particularly trapping defects. The traps in the material can negatively affect the 
collection efficiency as they can capture some of the generated charge carriers, which furthermore 
can induce a modification of the charge build up which results in an internal electric field, which 
could counteract the external electric field [5, 8 , 16]. The amount and type of defects between two 
samples of the same type of natural diamond is different resulting in a difference in the charge 
collection efficiency for each sample. This sometimes can be solved using priming where the 
samples are given a pre-irradiation dose to fill the trap levels improving device sensitivity leading 
to improved performance [4, 7].
Aim of the work
The main objective of this project was in to investigate the effect of different metal contacts on the 
electrical and dosimetric characteristics of semiconductor diamond in an attempt to develop a new 
type of x-ray dosimeter. This was achieved in a number steps, in the first part of the project the 
influence of the metal-diamond interfaces as well as the influence of annealing on the electrical and 
dosimetric characteristics of diamond based solid state radiation detectors was investigated. This 
allowed identification of the optimum metal contacts and conditions which maximize the detector 
performance as a dosimeter, in terms of time response, SNR, linearity, stability and reproducibility. 
For this purpose, three different samples (HPS-Pt, VS-Pt and HPS-Al/Pt) with different metal 
contacts were fabricated.
In the second part of the project sensitivity mapping was performed on the sample designated 
VS-Pt. This sample was chosen due to its special features such as thin nitrogen lines and substrate 
area. Three different sources of focused x-ray beams were investigated in order to choose suitable 
conditions to obtain high resolution images of the nitrogen lines within the sample. Additionally 
the mapping sensitivity of HPS-Pt and HPS-Al/Pt was investigated to study the effect of certain 
parameters on the homogeneity of the current response and choose the suitable contact for 
synchrotron measurements.
In the third part of this project three polycrystalline diamond x-ray dosimeters were fabricated. 
Two of which were fabricated by depositing carbon using a new deposition technique known as 
Pulsed Laser Deposition (PLD), the first with pure amorphous carbon (labelled Poly-C) and the 
second with amorphous carbon mixed with Nickel (labelled Poly-C/Ni). The third device was 
metalized by conventional sputtering of Platinum for comparison. The dosimetric characteristics 
and validity of the samples for potential use in radiation dosimetry was investigated in order to 
obtain a detector with a high SNR, fast time response, reproducible manner and a response that 
does not depend on the dose rate.
In the fourth part of this project a single crystal CVD diamond x-ray dosimeter (SC-C/Ni) with 
a C/Ni contact was fabricated using Pulsed Laser Deposition in an attempt to remove the dose rate 
dependence in polycrystalline samples and a comparison drawn to the previous polycrystalline 
devices.
Finally using alpha particle spectroscopy the electron and hole transport properties were separately 
investigated for samples SC-C/Ni, HPS-Pt, VS-Pt and HPS-Al/Pt, confirming the results of some 
of the previous measurements undertaken using x-rays.
This thesis contains nine chapters. A brief description o f each chapter is presented below:
Chapter (2):
This chapter discusses the theoretical and physical basis of the operation of a semiconductor as a 
radiation detector with a particular focus on diamond. The chapter is divided into two main 
sections: the first one shows the interaction processes between the ionizing radiation with matter, 
whilst the second section shows the principle of induced charge and the formation of the detector 
signals.
Chapter (3):
This chapter contains a literature review of diamond as a semiconductor radiation detector and is 
divided into four sections: the first one shows the physical properties, synthesis and tissue 
equivalent properties of diamond. The second section shows the electrical properties of diamond. 
Next, a description of the diamond performance and its applications is reviewed. The last section 
summarizes the most recent reported in the literature current experiments undertaken to study the
mapping sensitivity of CVD diamond detectors using a focused scanning x-ray beam with a brief 
overview on the mechanism which could be responsible for the non-uniformity in response. 
Chapter (4):
This chapter presents a detailed description of all the diamond samples used in this thesis. This 
includes details of the surface preparation and fabrication of all devices as detectors, such as: 
cleaning and oxidation of the surfaces, deposition of the electrical contacts by a conventional 
sputtering method and the experimental set-up of the deposition of carbon by the new technique. 
Pulsed Laser Deposition (PLD). Finally details of annealing and mounting of the samples are 
provided.
Chapter (5):
This chapter provides a detailed description of the experimental set-up of the characterization 
techniques such as: I-V characteristics, broad beam x-ray photocurrent measurements (used to 
characterize the dosimetric properties of the devices) and x-ray Microbeam mapping. The latter of 
which is divided into three parts: the first being the development of an x-ray mapping system at the 
University of Surrey and characterization of the spot size. The second and third are x-ray sensitivity 
maps using synchrotrons at the National Synchrotron Light Source (NSLS) and Diamond Light 
Source (DLS). Finally, the alpha spectroscopy set up used to study the single crystal CVD diamond 
samples is reported.
The following chapters include the experimental results and discussion and are divided into four 
chapters as follows:
Chapter (6):
The aim of this chapter is to study the influence of metal-diamond interfaces on the electrical and 
dosimetric characteristics of diamond based solid state radiation detectors before and after 
annealing in order to identify the optimum metal contacts which maximize the performance. For 
this purpose, three different samples with different metal contacts were fabricated. To examine the 
performance of the three samples as dosimeters, a set of measurements was performed before and 
after annealing of the devices: I-V characteristics, time response such as rise and fall-off times, 
sensitivity and specific sensitivity, signal to noise ratio, photoconductive gain factor, dose rate 
dependence and reproducibility were studied. Additionally, the effect of the changes in bias voltage 
on the dosimetric performance was investigated in order to estimate the optimum operating voltage 
for each device. Furthermore, the influence of annealing on the dosimetric and electrical properties 
is investigated.
Chapter (7):
The aim of this chapter was to study the sensitivity maps using a focused x-ray beam from either an 
x-ray tube or a synchrotron on a low purity single crystal sample and study the effect of changing 
the beam size, step displacement, bias polarity and annealing of the devices on the current response
of these maps. This CVD grown sample was chosen due to the presence of thin nitrogen layers 
(which can be observed by x-ray mapping) at varying distances from the substrate material 
deliberately introduced into the growth reactor at several stages of the growth process. 
Additionally, the effect of the beam size and step displacements on the investigation of the detailed 
structure of the nitrogen lines for this sample was studied. For this purpose, the sample was tested 
using an x-ray tube (at the University of Surrey) and additionally using both NSLS and DLS 
synchrotrons. Furthermore, the influence of the electrical contact on the current response of the 
mapping sensitivity was investigated in order to choose the suitable contact for synchrotron 
measurements. For this purpose, two different metal contacts (Pt and Al/Pt) on high purity single 
crystal CVD diamond, were fabricated and tested in the DLS synchrotron.
Chapter (8):
The main aim of the work within this chapter is to fabricate three devices on polycrystalline 
diamond to develop near tissue equivalent x- ray dosimeters. Two of the devices were fabricated 
with Carbon and C/Ni contacts using a new deposition technique. Pulsed Laser Deposition (PLD). 
The third device was metalized by conventional sputtering of Platinum for comparison. The 
dosimetric characteristics of the three polycrystalline diamond devices and their validity for 
radiation dosimetry was assessed. A single crystal CVD diamond x-ray dosimeter (SC-C/Ni) with 
C/Ni contact deposited by PLD was fabricated and the dosimetric properties of the device and its 
applicability to radiation dosimetry according to the international standards assessed.
Chapter (9):
The range of an alpha particle within a solid material such as diamond is of the order of pm [17]. 
As such it is possible to investigate the properties of electrons and holes separately by changing the 
polarity of the applied bias to the irradiated surface. In this chapter alpha spectroscopy was 
performed on the SC-C/Ni, HPS-Pt, VS-Pt and HPS-Al/Pt samples and the charge transport 
properties of the samples investigated. This data provided an explanation for some of the obtained 
results from the previous x-ray measurements.
Chapter (10):
In the final chapter a summary of the experimental work and final conclusions is drawn.
2 Semiconductor radiation detectors
2.1 Interaction of y and X-rays with matter
There are three main interaction processes that describe the interaction between X-rays or y-rays 
with matter: the photoelectric effect, Compton scattering and pair production. In the three 
processes, when the y or X-ray photon penetrates a material, its energy can be transferred partially 
or completely to the absorbing material and the photon can either disappear or be scattered.
2.1.1 Photoelectric effect
In the photoelectric absorption process, the photons interact with electrons of the absorbing 
material. The photon disappears completely by transferring all its energy to an electron, which is 
usually in the K-shell. The kinetic energy Ek of the emitted photoelectron from its shell is the 
difference between the energy of the incident y or X-ray photon Ey and the binding energy of the 
electron in its shell E^ as:
^ k = E y - E ^  2.1
The photoelectrons have the highest probability to originate from either the highest bound (or K- 
shell) in the atom. Consequently, to refill the vacancies formed when photoelectrons have left their 
shell, characteristic X-rays can be generated. At low photon energy (< 0.1 MeV), the photoelectric 
effect is the most probable process when y or X-rays interact with the absorbing material. 
Empirically, it is found that the photoelectric effect cross section is directly proportional to the 
atomic number Z" of the absorbing material and inversely proportional to the incident photon 
energy Ey'^ [18]. This relation can be written by:-
Z"
’  2.2
Where n may fluctuate between 4 and 5 [18, 19]. According to this relation, a high Z-material is
usually chosen for y-ray shielding.
2.1.2 Compton scattering
Compton scattering can occur when the incident y or X-rays interact with free electrons or with 
electrons weakly bound to an atom in the absorbing material. In this case, the photon transfers part 
of its energy to the electron, which is known as the recoil electron.
The incident photon is scattered by an angle 0, which is related to the portion of energy transferred 
to the electron. The energy of the scattered photon and the final energy of the electron depend on 
the scattering angle 0 as shown in figure (2.1). Expression 2.3 can be derived from the equations of 
conservation of energy and momentum and by solving these equations we obtain [18]:
^ ------------
h 1)1 + — ^ (1 -c o s  0)
m^c 2 3
Where is the rest mass energy of the electron (0.511 MeV). V,  V ai& the frequency of the 
incident photon and the scattered photon, respectively. The relation between the incident 
wavelength À and the scattered w aveleng thcan  be described by;
AÀ = À ' - À  = À^(l -  cos û) 2  4
Where E ^ = h v  = h ^ '  is a constant known as the Compton wavelength,
X
h
X  ^ = -----   = 2.43x10"^° cm, which is the de Broglie wavelength for an electron moving with the
speed of light c, h is Planck’s constant, 0 is the scattering angle and the remaining symbols as 
mentioned previously [2 0 ].
=  V ^ h v lc
incident photon P *" 9
A ----------- -
/  \ / 0  
p ~ h v / c  target-Z
electron.................................................. ...
P \ " ^ ”
icittcrcd
cliitron \
Figure 2.1; A plot of the scattered photon energy [20].
The probability of Compton scattering happening is directly proportional to the number of 
electrons existing in the absorbing material and inversely proportional to the energy of the incident 
photon; so it is attractive to use high Z-materials for y-ray shielding.
2.1.3 Pair production
If the incident photon has an energy greater than twice the rest mass energy of the electron (>1.022 
MeV), it is possible that an interaction can take place between the incident photon and the 
Coulomb field of the nucleus. This interaction leads to the annihilation of the incident photon, 
which will be replaced by creating a negative electron and a positive positron (pair) as shown in 
figure (2.2). This is an example of mass-energy equivalence, where the energy of the incident 
photon was converted into mass of the electron and the positron [18].
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Figure 2.2: Pair production and annihilation.
The electron-positron pair is ejected by a shared kinetic energy T  and T", equal to the difference 
between the energy of the incident photon and the rest energy of the electron-positron, 1.022 MeV, 
which is required to create the pair.
hv-2m^c^- = T -+ T ^  25
where T  and 7^ are the kinetic energies of the electron and positron.
Eventually, two annihilation photons are produced as a secondary result of the collision of the 
positron with an electron. The probability of pair production is approximately directly proportional 
with Z“ of the absorbing material and it increases with the energy of the photon. Figure (2.3) shows 
the attenuation of electromagnetic radiation in diamond and the contribution of each process 
mentioned previously [2 1 ].
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Figure 2.3: Attenuation coefficient for X- and y-rays in diamond, calculated by Xcom [21].
2.2 Interactions of heavy charged particles
Heavy charged particles, such as a-particles pass through the absorbing material in a quite straight 
path. The a-particles might be deflected by a small amount when they interact with the atomic
electrons. The majority of the energy lost by the heavy^Harged particles is consumed by producing 
electron-ion pairs or in exciting the electrons of the atoms in the absorber. The process of energy 
loss will continue until the particle energy reaches a certain value, then the positively charged 
particle will pick up electrons until it becomes a neutral atom.
Stopping power or specific energy loss (S) is the rate of energy loss for charged particles along a 
projected particle path in the absorbing material, also defined as the average energy loss per unit 
length:
dx 2 . 6
The theoretical expression of stopping power for heavy charged particles by Coulomb interactions
is known as Bethe formula, which is written as:
dx
4 _ 2Am  z
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2.7
Equation 2.7 includes many factors; the first factor represents a combination of physical constants 
like m„ the electron rest mass, e the electronic charge and c the speed of light. The second factor 
includes the specific properties of the heavy charged particles; v and Ze are the velocity and the 
charge of the incident heavy charged particles, respectively. The third factor contains V and Z, 
which represent the atomic density (atoms per volume) and the atomic number of the absorbing 
material, respectively. The fourth factor is /, which signifies the average energy for the excitation 
or the ionization of an atom in the absorbing material. The fourth factor’s value is in the order of 7 
~ l l x Z ( e V ) [ 1 8 ,  22].
Am^ z^In the non relativistic case (v« c ) , only the first te rm  — VZ
TMgV
In in expression 2.7
is substantial, and the second term can be neglected. So, the specific energy loss is inversely 
proportional to v^ , which also represents the energy of the particle, as well as it is directly 
proportional with and NZ.
The Bethe formula is applicable for non-relativistic heavy charged particles until the particles reach 
a certain low energy value. This happens when the particle starts to capture electrons from the 
absorbing material and this process continues until it becomes a neutral atom and at this stage, near 
the end of its track [18].
The Bragg curve is a plot of the specific energy loss of a charged particle as it moves through the 
absorbing material. The specific energy loss is dependent on the particle type, its energy and the 
absorbing material. The curve shows how the energy loss starts to increase with a slow rate, then 
with a greater rate near the end of the path, that can be explained due to the gradual drop in the 
energy of the particle and hence its velocity. At a certain energy level, the positively charged 
particle starts to capture electron(s) from the absorber material, which reduces its charge and
consequently the linear energy loss. At this energy, the curve starts to fall down rapidly, the particle 
is picking up more electrons and stops at the end as shown in figure (2.4) [18].
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Figure 2.4: The specific energy loss of an a-particle [18].
2.3 Interactions of light charged particles
The study of light particles is more complicated than the heavy charged particles; electrons will be
taken as an example of light charged particles. Given the small mass of electrons, they are suffering
a large deviation from the irradiation direction with each encounter with the atoms of the absorbing 
material. So electrons follow a zigzag path. As a result, it is difficult to define the range of 
electrons inside the material [18].
The way in which the electrons lose their energy during their movement through the absorbing 
material, is first excitation and ionizing the atoms of the medium as in the case of heavy charged 
particles. However, light particles are characterized by a lower specific ionization, because of their 
high-speed in the material. Hence, the specific energy loss decreases which leads to a long path for 
these particles. In addition to the Coulomb interaction, the electrons lose a significant portion of 
their energy through emitting Bremsstrahlung radiation, which is a spectrum of electromagnetic 
radiation. The importance of this type of loss increases as the energy of the particles increases.
The stopping power S, or the specific energy loss for electrons is based on two terms, the Coulomb
dE dE
energy loss (  )c and the radiative energy loss (  )r [18].
dx dx
S =
dx
+
dE 1 
dx 2.8
Bethe derived the formula for the first term, which describes the Coulomb energy loss due to the 
ionization and excitation (collisional losses) for fast electrons:
.2  77 1 \
In-
tUqV E
— (In 2 )(2 ^ 1  — 1  + y5 )^ + ( 1  — y5 )^ H--- ( 1  — Vk—y^^)^
2.9
Where E  is the energy of the electron, f i  = — and the remainder of the symbols have the same
c
meaning as in the previous section. The second term in stopping power S describes the radiative
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losses (Bremsstrahlung), which is derived from the principle that any accelerated (or decelerated) 
charge must radiate energy [18].
dE^ N EZ{Z + \)e^ ( . ,  I E  4^
41n-
c 3 2.10
This equation shows that the Bremsstrahlung radiation is more significant at higher electron 
energies and for absorbing materials with high atomic number. The ratio between the radiative
dE dE
energy loss (  )r and the collisional loss (  )c of the electrons can be approximated by the
dx dx
relationship:
{dE/dX)^ EZ
{ d E /d X i~ 1 0 0  2 . 1 1
where E  is the energy of the electron in MeV, Z is the atomic number of the absorbing material. So, 
the radiative loss has a significant effect on absorber materials with a high atomic number. The 
average energy loss per depth drops with the increase of the particle energy, at high energies. It
reaches a minimum possible value a tE  »  3mc^, where m is the particle rest mass and c is the
speed of light. Particles with these values of energies are called minimum ionizing particles (MIPs). 
Electrons are considered as MIPs with energies above 1.5 MeV. These MIPs can produce 36 free 
charge carriers per pm in diamond compared to 89 in silicon [23].
2.4 Creation of charge carriers
E .
If ionizing radiation deposits energy Ep in a semiconductor material, a number of — — freep
'ehp
electron hole pairs will be created. Wehp is the energy which is required to produce an electron hole 
pair. Wehp is a distinctive constant for each material, which is independent of the energy and the 
type of radiation [24].
In principle, free electrons may be created inside the material, if the electrons in the valence band 
are exposed to sufficient energy to move to the conduction band. This energy is equal to the 
bandgap Eg. But the so called ionization threshold is often greater than the expected value; this is 
due to the momentum conservation within the material. In addition, the major part of the incident 
energy may be dissipated by phonons [24].
Until now, there is no general model that clarifies the relationship between Eg and Wehp- But Owens 
et al summarized and studied the available data for a large number of materials and they set these 
data in figure (2.5) to show the relationship between Eg and Wehp- Figure (2.5) shows that the data 
fall on two parallel lines, which can be represented by:
14 E. +k
2.12
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Where k is the offset for the two lines [25].
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Figure 2.5: Band gap versus mean ehp creation energy [25].
When ionizing radiation deposits energy within a semiconductor/solid state radiation detector, 
electron-hole pairs are created. In the presence of a potential difference, electrons and holes will 
start to move in opposite directions towards the electrodes. This leads to the change of induced 
charge on the electrodes. The change of charge is turned into a voltage pulse. Its amplitude is 
directly proportional to the deposited energy in the material.
2.5 Shockley-Ramo theorem and the Hecht equation
A semiconductor radiation detector in the form of a metal-semiconductor-metal sandwich structure 
is considered the simplest radiation detector as illustrated in figure (2 . 6  a) [26].
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Figure 2.6: a) Geometry of a detector with electrodes in sandwich structure; b) Weighting 
potential and signal components from the movements of electrons and holes [26].
After irradiation, the created electron-hole pairs inside the detector start to drift in opposite 
directions to the electrodes. The electrons and holes move when the detector is biased, under the
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influence of the electric field. The drift velocity v of both electrons and holes are affected by the 
applied electric field É as:
^h=fJ-hE 2.13
Where jjg and fih are the mobilities of the electrons and holes, respectively. However, if the charge 
carrier’s velocity reaches the saturation value Vsat, at high electric fields then the relation 2.13 
cannot be applied. This saturation can be fitted using the empirical formula 2.14 [27]:
^sat.e,h 2.14
where fdoe.h is the mobility of the charge carriers at zero field strength, E  the external electric field 
and Vsate.h the saturation velocity of charge carriers at high field strength as shown in figure (2.7).
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Figure 2.7: Charge carrier drift velocity versus the applied electric field [28].
During irradiation, a large number of electron-hole pairs are created inside the semiconductor 
detector. When considering a moving charge q between two metal plates, a charge Q is induced on 
these plates as a result of the movements of the charge q. Shockley [29] and Ramo [30] gave a 
method to explain the induced charge on any electrode, because only one field must be calculated. 
The theorem states that “the charge Q and the current i on an electrode induced by a moving 
charge q at position x are given by":
Q = -q ^ ,{ x )  2.15
i = qv.E^ (%) 2.16
where v is the instantaneous velocity of the charge q. ^  (x) and Eo(x) are the weighting potential
and weighting field that would exist at position x, E„{x) = . Shockley gave a universal
dx
description of the weighting potential for a random number of electrodes; he considered one 
electrode at unit potential and he set all other electrodes present to zero potential. Differentiating
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the weighting potential gives the weighting field Eg. This theorem is still applicable even if there is 
no electric field across the detector [26].
The weighting potential ^  (x) represents an appropriate method for estimating the induced charge
at any electrode of interest. It depends on the depth of interaction of the moving charge and the 
electrode geometry as shown in figure (2.6 b) in the case of a sandwich structure. It also depends 
on the bias voltage. The figure shows that the weighting potential is directly proportional to the 
depth X  from the cathode to the anode [26].
= Z (0 < X < 1 )  2.17
A more general form of the Shockley-Ramo theorem, relating the induced charge (A Q ^) on
electrode m, to charge q when it moves from initial position to a final position x/, can be written 
as;
AQ„ = - q ^ o (O < < l) . 2.18
In a radiation detector, the ideal case is that all the charge carriers generated in the original 
interaction reach the opposite electrode. In this case, all the collected charge will be equal to the 
total amount of generated charge Qo and in this case CCE=100%, where CCE is the charge 
collection efficiency of the semiconductor detector. The CCE is defined as the ratio between the 
collected charge (2.* and the generated charge Qg. The CCE is typically expressed as a percentage.
CCE = — xlOO
Qo 2.19
The assumption of a pure and defect free semiconductor detector means that there is no
considerable trapping of charge carriers. However, most materials contain a number of defects that 
are responsible for trapping charge carriers before they reach the opposite electrode. Limited 
average lifetime or trapping time x is a term that describes the trapping or recombination of the 
charge carriers by the defects in a semiconductor detector before they reach the other electrode.
By assuming an infinite lifetime and constant electric field between the two electrodes of the 
detector, the induced current during time Tr (the time needed for electrons to reach the anode, for 
simplification only electrons are considered) will be constant, where 77 the transient time is equal 
to where v^ r is the charge carrier drift velocity and d  is the detector thickness. In this case, 77
is approximately equal to the time of the FWHM of the pulses. If on the other hand the lifetime is 
assumed constant and finite, the free carriers i.e. the induced current will decay exponentially from 
its initial value /„.
^ ( 0  —
exp(—^) fOf" t < Tr 2  2 0
0 ^  f o r t > T r
14
The amplitude of the induced current (lo) is equal to — — -— which is affected by the degree
d
of purity of the detector. The life time of charge carriers can be written by the relationship:
o^MoeJi^ eff I |  ^
where s is the diamond relative permittivity, s^is the space permittivity, is the elementary charge, 
V is the detector bias and 7/^ the net effective space charge in the diamond bulk which affects the 
internal electric field and consequently the drift velocity. The remaining symbols are the same as 
mentioned before.
The output voltage of the radiation detector is proportional to the integrated induced current, i.e., 
the charge signal, Q(t) = J I{t)dt
Q{t) = Qo^
T d - x
T  d  — X
T~ d
1  -  exp(— ) 
T
1  -  e x p ( ^ ^ )  
T
for t < Tr 
for t > Tr
2.22
where d  is the detector thickness, x  the interaction depth, the distance to the cathode as shown in 
figure (2 .6 .a).
The effects of carrier trapping will restraint the drift lengths (2*, 2 )^ of both electrons and holes. 
Because of the decrease of the drift lengths compared to the thickness of the detector, the value of 
the charge collection efficiency will be reduced.
A  = V • 2.23
where and Vh are the drift velocities of electrons and holes, respectively, and t/, are their 
lifetimes. If the drift velocity of the charge carriers is much less than its saturation value, then it 
will be in a direct linear relationship with the applied electric field as illustrated in equation 2.13. 
From this relation, we can illustrate that the drift lengths depends on both the charge carrier 
mobility and its lifetime.
2.24
This leads to the basic concept, that the p i  (mobility -  lifetime product) affects the drift lengths and 
consequently the CCE. In 1932, Hecht discovered the relation between the CCE of the detector, 
and two other factors, the charge transport properties of both charge carriers represented by their pr  
and the position of the charge carrier creation, the result is known as the Hecht equation.
CCE=
d
1 -ex p ‘' - ( d - x ) ' + M A E 1 -ex p — X
2.25
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It should be noted that this only works for sandwich devices. The Hecht equation given in 2.25 can 
be simplified for use in detector characterisation if the interaction depth is very small compared to 
both the drift lengths and the detector thickness d  (% «  Xg,h,x «  d).
CCE
as Xe=peTe E, then 
X.
d
1 -e x p
CCE =
d
1 -e x p and also CCE =
r
2.26
2.27
where Tg,h is the lifetime of charge carriers. This simple form can be used to estimate the value of 
the charge carrier’s lifetime Xe,h for both electrons and holes.
The actual distance travelled by electrons and holes inside the detector is known as the charge 
collection length, CCL.
CCL = C C E xd  = A 1-ex p 2.28
So, the value of the CCL is limited by the detector thickness.
2.6 The dosimetric characteristics of diamond
2.6.1 Dose rate dependence
The variation in the current signal against an incident dose rate (D) is usually described using the 
Fowler relationship [31]:
I  = I ^ ^ + R D ‘ 2.29
where: Idark is the dark current. The exponent A, sometimes referred to as the fitting coefficient, or 
the linearity index is a constant showing the deviation from linearity. It usually varies between 0.5 
and 1.0 if all the traps in the crystal have the same capture cross section. The measured value of A 
is expected to equal one if all the traps are distributed uniformly or quasi uniformly inside the 
diamond material. A equals approximately 0.5 if free charge carrier recombination dominates i.e. in 
the case of very low trap densities or high excitation rates. Additionally, the value of A can exceed 
one, if the traps in the crystal have different capture cross sections or are distributed non-uniformly. 
In the case of A equals one, the integrated photocurrent of the device does not depend on the dose 
rate, which is an advantage in dosimetry applications.
2.6.2 Sensitivity and specific sensitivity
The sensitivity of the detector is calculated by first performing a linear regression on the current 
response as a function of dose rate and secondly determining the gradient of the regression. The 
specific sensitivity of any detector is defined as the detector’s sensitivity divided by its sensitive
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volume. The sensitive volume of each device is calculated by knowing both its contact area and the 
crystal thickness.
PTW natural diamond dosimeters show a specific sensitivity range between 50 and 140 
nC/Gy.mm^ [3, 32-37], whereas the sensitivity in synthetic single crystal CVD diamond detectors 
range from a few to a few thousand nC/Gy mm^ [3, 33, 38-42]. In another report the sensitivity of a 
synthetic single crystal diamond was ~ 30 mCGy'^ in the double-sided ohmic contacts sample [32], 
this high value is believed to be due to the electrical properties of the metal-diamond contacts.
The sensitivity of diamond radiation detectors has been studied under X-ray irradiation ranging 
from 2 keV to 9.5 keV [43], at low energies from 50 to 250 keV and at high energies from 6  to 15 
MeV. These results confirm that the sensitivity decreases as the X-ray energy increases due to the 
decrease in energy loss in the diamond device as the x-ray energy increases [44].
2.6.3 Photoconductive gain
When the detector is exposed to irradiation, a current (Igenerated) will be generated in the detector, 
which in turn induces a current (Imeasured) in the external circuit. The photoconductive gain (gain 
factor) is defined as the ratio between the measured current and the theoretical current generated by 
irradiation, i.e. dose rate. It is equal to the ratio between the average lifetime of the charge carriers, 
T, and the transit time Tr.
Gain =
T Tmeasured _
I  T
generated r 2.30
The theoretical current generated in the material can be estimated from the equation: 
j  _ Dpev
w 2.31
where: D, p,e,v and w are the dose rate (J/Kg.sec), density of diamond (gm/cm^), elementary charge 
(C), sensitive volume (cm^) and the energy required to produce an e-h pair in diamond 13.2 eV 
respectively.
To obtain a detector photoconductive gain greater than one a number of basic requirements should 
be fulfilled i.e. ohmic contacts must be used otherwise the electrostatic equilibrium forbids charge 
injection and as such gain, the average life time of charge carriers produced by the incident 
irradiation, t, should be greater than the transit time of the charge carriers, Tr, (time required for the 
carriers to move from one electrode to the other one).
2.6.4 Reproducibility
Reproducibility (or repeatability) is considered one of the main detection properties required for 
dosimetric use. It should be below 0.5% as recommended by the International Atomic Energy 
Agency (IAEA). The standard deviation (SD) includes the errors which could be due to the 
instability in the current meter and/or irradiation-non reproducibility. The stability and the
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reproducibility of the current signals are estimated by taking the percentage ratio of the standard 
deviation (SD) to the average photocurrent value under exposure of a fixed test dose rate.
'Reproduciblity= I 1xlOOyaverage^ %
2.32
Reproducibility (or repeatability) is considered one of the main parameters that should be fulfilled 
for use in dosimetric applications. It should be less than 0.5% as recommended by the International 
Atomic Energy Agency (IAEA) [45].
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3 Literature Review
Over the last few decades, CVD diamond has been found in a variety of different applications 
particularly in the medical fields such as dosimetry in radiotherapy. However, the problem that we 
still face is the availability of cheap materials for the accurate measurement of radiation dose. 
Diamond is combining a number of extreme intrinsic properties in comparison to other 
semiconducting materials. Diamond is an attractive material for radiation detection, ranging from 
ultraviolet to y-ray radiation. Also, the monitoring of a- particles, p-particles and neutrons becomes 
feasible because of its high radiation hardness, high chemical resistance, high bandgap, low dark 
currents, high charge carrier mobilities, tissue equivalence and high temperature operation 
capability. All these properties enable diamond to operate in hostile environments [46-48].
3.1 Physical properties
Diamond is the cubic form of crystalline carbon. The atomic number density of diamond is 
1.75x10^^ atoms cm'^, thus the carbon atoms in the diamond lattice structure have a higher atomic 
number density like silicon and germanium, which are commercially used s.c. devices in radiation 
detection. The mass density of diamond is 3.515 g cm'^. As an additional advantage, the 
combination of the physical properties of diamond enables a few cubic millimetres to be utilized in 
radiation measurements. Furthermore, its small size tends to give it a higher spatial resolution 
measurement when compared with a large volume detector. This is an obvious advantage of 
diamond over the other large-volume detectors where only average values are obtained, which 
leads to a wider range of applications. For the application of clinical dosimetry current technologies 
revolve around the use of ionisation chambers and silicon diodes. Unfortunately both of these 
technologies have there own drawbacks. Silicon diodes suffer from a dependency on both source 
energy and temperature, whilst ionisation chambers have a relatively poor spatial resolution and 
high voltage requirements. Due to these drawbacks there is a need to develop new clinical 
dosimeters with an improved spatial resolution, good energy response and low temperature 
dependency [49].
3.1.1 Hardness
Diamond is the hardest known material, which leads to its use in a wide range of mechanical 
applications. This is beneficial for long term detector operation in harsh environments in terms of 
strong radiation fields [50]. For example, previous experimental data suggests that diamond retains 
its hardness at temperatures up to 1600 K [51], and there is no change in the signal amplitude of 
polycrystalline diamond when exposed to high energy protons for fluences up to 1 0 ^^  protons cm'^ 
[48]. Using the chemical vapour deposition technique, no significant changes in the sensitivity or 
the response time of diamond devices have been observed until exposed to a high-absorbed
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radiation dose of >2.5 MGy on polycrystalline diamond material [47]. Finally, its chemical 
inertness leads to a good use in aggressive environments [51].
3.1.2 Structure and bonding
The lattice structure of diamond consists of single atoms of carbon bonded by electrons in sp  ^
orbitals, in a stable four-atom coordination state, which gives diamond a natural resilience to strong 
radiation fields, as well as to corrosive agents. There are different forms of solid carbon. The most 
common forms of solid carbon are the crystalline forms of graphite and diamond, as well as 
amorphous carbon. Commonly diamond is organised in face-centred cubic (fee) carbon crystals, 
although a hexagonal form exists. These carbon atoms are situated in the centre of a symmetrical 
tetrahedron whose corners compromise its neighbours, as shown in figure 3.1 [51]. The two 
neighbouring atoms are 0.154 nm apart, which corresponds to a lattice constant a = 0.357 nm [52]. 
Graphite is a thermodynamically stable modification of carbon at ambient pressures and 
temperatures [51].
Because of diamonds composition of a light element, it has a low absorption coefficient for X- and 
y-rays relative to other solid semiconductor materials. This is an advantage for diamond as it leads 
to use as discriminator between photon and charged particle interactions [6 ].
Figure 3.1: Crystal structure of diamond [51], The filled balls show one tetrahedron.
Commercial applications of diamond as a radiation detector require stable response during a wide 
period of use and reproducible properties from device to device. The variation in these properties is 
related to the kind of defects inside the material. This is the origin of the observed variety of 
properties of natural diamonds. The synthesis of diamond is a difficult process, because it is a 
metastable modification of carbon at ambient pressures and temperatures.
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3.1.3 Thermal conductivity
Diamond is composed of carbon atoms with a very strong bond, therefore a large energy is required 
to vibrate these atoms. It has the highest thermal conductivity of any material, which can be as 
large as 2000 W m"  ^ K“  ^ at room temperature and falls to around 700 Wm'^K'* at 773 K [46]. 
Because of this, it has an advantage in thermal management over other materials (for example this 
has a thermal conductivity more than six times higher then copper). Additionally, the extremely 
high thermal conductivity, which is achievable in diamond, enables diamond-based devices to 
handle high powers. It was also found that highly Boron doped diamond becomes superconductive 
at low temperatures [53]. Additionally, its thermal expansion coefficient can be as low as 1.1 x 10"  ^
K-‘ [51, 54].
3.1.4 Optical properties
The low atomic number of diamond (carbon) makes it a semi-transparent detector (to a wide range 
of wavelengths from near IR-2.5 pm to UV~220nm) making it suitable for use as a window 
material in harsh environments (e.g. synchrotron). Furthermore this means that no light-tight 
packaging is required for diamond based detectors. CVD diamond is of great interest in the photo 
detection domain especially in the XUV and VUV due to its sensitivity to UV radiation and the 
shorter wavelengths [6 , 55]. This is evident in its high transparency ranging from the ultraviolet to 
the microwave wavelength. Additionally, the attractive optical properties in diamond samples 
stems from its high index of refraction 2.4 [46].
3.2 Tissue equivalence
Diamond based detectors are of particular interest in the medical fields (radiation dosimetry) due to 
their tissue equivalence (the atomic number of diamond (Z = 6 ) is very close to human tissue (Z ~ 
7.42 for muscles and Z ~ 5.92 for fats). Therefore, the response of diamond detectors to radiation is 
similar to that of human tissue. In other words, the diamond can be utilized without applying 
conversion factors to the device responses [6 , 44]. Natural diamond detectors are used in many 
hospitals as dosimetric tools such as measuring the dose received by the patient during 
radiotherapy, mapping of irradiated areas, measuring the irradiation caused by secondary emission, 
or calibration of sources. However, high cost and long delivery times restrict diamond use [1,5, 6 ]. 
Using single crystal diamond samples as ionisation chambers fits the dosimetric requirements in 
radiotherapy applications such as very small volumes of detection, stability, repeatability, very high 
signal to noise ratio, fast response times, linearity with the absorbed dose and high sensitivity [1 ].
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3.3 Electrical properties
3.3.1 Bandgap
Diamond has a wide indirect band gap (Eg = 5.5 eV), which means it is solar blind and has an 
extremely low intrinsic free carrier concentration which translates into very low detector dark 
currents [48]. Another advantage is its high resistivity (~10^‘* Q.cm'* for bulk diamond) and very 
low thermal noise due to the low intrinsic conductivity of its wide band gap. These are some of the 
advantages of diamond over other semiconducting materials with smaller bandgaps, for operation 
as radiation detector at room temperature and above. Moreover, the wide bandgap in diamonds 
brings no sensitivity to visible light (i.e. visible blindness), as diamonds are hardly sensitive to 
photons with energy lower than the bandgap [43].
3.3.2 Breakdown voltage
Diamond exhibit the highest breakdown voltage of any semiconductor with values in the range 5- 
10 MVcm'^ [46]. It is desirable to have a semiconductor with a high electric breakdown allowing a 
detector to continually operate with a saturated electron or hole velocity independent of the width 
of the active region of the detector.
3.3.3 Dark current-voltage characteristics
Diamond exhibits a low dark current with values 1 <1x10" '^  ^A/mm^ after applying electric fields up 
to E ~ ±2 V/pm, which is expected, due to the large band-gap which results in a high resistivity 
(low current at room temperature) [56]. It was found that, the reduction of concentrations of 
nitrogen (<5x10 "^  ^ cm"^) and boron (<10*  ^ cm"^) in single-crystal CVD diamond, leads to good 
detector performance due to the significantly reduced density of trapping centres. Also an 
asymmetry in 1-V characteristics is observed which can be related to the direction of the applied 
electric field [27].
3.3.4 Charge carrier mohility
Single crystal CVD diamond exhibits both the highest electron and hole mobihties at room 
temperature, up to 4500 cm^V^s'* for electrons and 3800 cm^V’s'^  for holes [57]. The 
corresponding values for 4H-SiC, which shares the same wide band gap category, are 900 cm^V'^s'^ 
for electrons and 120 cm^V'^s'* for holes [46], thus illustrating a higher mobility in diamonds. The 
hole mobility in diamond decreases as the temperature increases in the interval 300-400 K as T“ '^^ . 
The reduction in the hole mobility of diamond in this interval could be either the result of scattering 
from incomplete ionization of common impurities in the diamond or indicative of acoustic phonon 
scattering in high crystallographic quality [57, 58]. Above 400 K, the hole mobility falls more
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rapidly with an exponent in the range -2.5 to -3.66. Even so, diamond exhibits high hole mobilities 
of ph > 2000 cm^V'^s'  ^ at 400 K and ph > 1000 cm^V' s^"  ^ at 500 K, which means that diamond can 
operate at a high temperatures [46]. The hole mobility of diamond drops from -1500 cm^V'^s'  ^ to 
-1000 cm^V'^s'  ^with increase in B-concentration from 5x 10^  ^-  2 x 10^  ^cm"  ^ [59].
3.3.5 Charge carrier saturation velocity
The saturation velocity of diamond varies significantly in the range from 0.85- 1.2x10^ cms'* for 
electrons and 1.5 -  2.7x10^ cms'* for holes (dependent on the type of diamond material) [46]. The 
high charge carrier velocities allow very fast signals similar to silicon [51]. The velocity of charge 
carriers is saturated at high fields by the generation of optical phonons in the crystal lattice. So a 
high saturation velocity is expected with high optical phonon energies, and diamond has the highest 
optical phonon energy of any semiconductor with a value Eopt =160 meV [46].
3.3.6 Carrier lifetime
The lifetime of the charge carriers is very important for devices relying on the existence of 
generated e-h pairs, such as radiation detectors. Low impurity and defect concentration tend to give 
a high carrier lifetime in diamond. The electron and hole lifetimes can be estimated by plotting the 
CCE against the transient time. In a study of high purity single crystal CVD diamond the electric 
field was increased step wise, at each step the transit time was measured and its corresponding 
CCE plotted against it, le -320 ns and Xh ~ 1 ps when measured in single-crystal CVD diamond 
[27]. The lifetime, which depends on the number of defects, was for holes Xh =300-900 ns, and for 
electrons Xe = 160-360 ns, decreasing slightly after irradiation by protons with an energy of -  26 
MeV at a fluence of >10^  ^ protons.cm'^ [56]. In a further experiment using single crystal CVD 
diamond, results confirmed that its carrier lifetime was more than 2 ps [57]. It should be noted that 
in natural diamond, the carrier lifetime is typically less than a nanosecond [46], considerably lower 
than that of the single crystal CVD diamond. This high carrier lifetime inherent to the CVD 
diamond along with its high mobility provides superior conditions for a high mobility lifetime 
product, where the time response of the detector signal is limited by these two factors.
3.3.7 Energy resolution
The energy resolution AE can be related, in a straight forward way, to the lifetime of charge 
carriers [27] and also to the charge collection efficiency [28]. The energy resolutions AE at FWHM 
of two different samples of single crystal-CVD diamond detectors (metalized by Cr/Au) under a 
positive bias have been measured, using mixed nuclide ^^^Pu, "^"^ Am, "^^ "^ Cm alpha sources, resulting 
in resolutions of 19 keV and 17 keV (-0.35%) for '^^ ‘Am (5.5 MeV emissions). This can be 
favourably compared to the values of commercial silicon detectors (AEg, = 14 keV) under the same 
conditions [27]. Additionally, the measured values of AE at the FWHM, with the negative bias, are
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consistent with the typical value (-3%) suggested by Galbiati et al [60] for a single crystal diamond 
having DLC/Pt/Au contact when exposed to an '^‘^ Am 5.5 MeV alpha source.
3.3.8 Charge Collection Efficiency
The study of the detection properties of diamonds had been carried out by Tromson et al [8 , 16] 
under irradiation with alpha particles and x-rays. The results show that the collection efficiency is 
dependent on the presence and the concentration of defects in the device. An improvement in the 
collection efficiency was observed when the temperature of the device is increased up to 375 K. 
These improvements could be correlated to the increase in the detrapping probability at these 
temperatures, which results in higher carrier total drift lengths [8 ].
The study of charge collection efficiency (CCE) had been carried out by Lohstroh et al [32] using 
two different single crystal CVD diamond samples to illustrate the effect of the metal-diamond 
contacts on electrical properties. It was observed that an asymmetric contact pair in the high purity 
sample produces favourable charge collection efficiency. In contrast, the other sample contacted 
with two ohmic contacts on a single crystal contained some nitrogen layers showing a lower charge 
transport due to the lower purity. Charge collection efficiency is expected to exhibit values near 
100% in a few natural Ila type diamond stones. Polycrystalline CVD diamond detectors do not 
reach this percentage due to their high density of trapping centres at the presence of grain 
boundaries [28].
3.3.9 Defects
The industrial use of diamond depends on the reproducibility and stability of its properties. These 
properties can vary, because there are several defect levels in the large bandgap of diamond that 
can be responsible for the instability. This is consistent with the observed variety of properties of 
natural diamonds [47]. Diamond can contain several kinds of defects such as impurities, 
dislocations and crystal defects [6 ].
Nitrogen is considered the most important impurity in diamond. Nitrogen in diamond determines 
the optical properties and affects the thermal, electrical and mechanical properties of diamond. So, 
nitrogen is a principal factor responsible for the performance of diamond as a radiation 
detector. Diamonds with high concentration of nitrogen exhibit both low specific conductance and 
tend to have much lower shallow trap concentrations. Finally, diamond doped with nitrogen can 
acts as a TLD [49].
A weak degradation in the properties of diamond was also found due to the presence of dislocations 
[48]. It was found that high defect levels have a detrimental effect on diamond samples for 
radiotherapy applications, which influence the stability and the reproducibility of the detector 
response under x-ray irradiation. Polycrystalline samples have a high defect density due to the non 
uniform structure of the material [5]. The effect of defects stem principally from reducing the
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number of electron hole pairs available which, when forming the detector signal, consequently alter 
the efficiency of the detector [7], because defects in diamond often act as charge trapping centres in 
particular, grain boundaries act as trapping centres in polycrystalline diamond [6 ]. However, there 
are two possible ways to improve the performance of the dosimetric response in diamond. The first 
method is by the control and incorporation of defect levels during the growth and during the 
device preparation. The second method is achieved by changing the conditions at which the 
detector is used [5, 47]. These conditions which adjust the detector response are; pre-irradiation 
dose and temperature of the detector [7].
The presence of trapping levels in diamond was studied by the thermally stimulated current (TSC) 
technique [8 , 55]. The results show that several defects are observed with different trap levels in the 
wide bandgap of diamond. The corresponding emission temperatures were observed at values near 
room temperature and emission one temperature was found near 550 K [55] which is consistent 
with previous reports.
Two categories of population levels can be classified: deep trap levels and shallow trap levels 
according to the temperatures at which they are emptied [7]. Deep trap levels are stable when the 
detector operates at room temperature (RT) and they remain filled for a long time. Deep traps are 
released at high temperature (~ 550 K). If the deep levels in a diamond ionisation chamber are 
empty, a reduction occurs in the current signal due to losing part of the carriers by filling these 
empty levels [6 ].
Shallow trap levels are unstable at RT and they will be emptied at temperatures close to 350 K [7]. 
Because of how close these temperatures are to ambient these traps in addition to deep levels will 
also influence the detector response when used as an ionisation chamber [6 , 7]. The same problem 
will arise when the detector temperature is modified, where trapping-detrapping processes may be 
varied, hence modifying the sensitivity and the stability [6 , 55].
The distribution of trapped electrons and holes in the trapping levels of diamond are non-uniform. 
The trapped electrons usually fill the trap levels that are near the anode. The trapped holes usually 
fill the levels close to the cathode. Therefore, the negative charge will form near the anode and the 
positive charge near the cathode. This will result in built-in charge which reduces the applied 
external electric field through the diamond sample [8 ]. This process, which is called Polarization, 
will lead to a reduction in charge carrier velocity and consequently in CCE. On the other hand, 
priming, sometimes called pumping, shows the increase in the lifetime of charge carriers due to the 
filling of defect levels with trapped charge carriers. Priming can be done by using electron, x- or y- 
ray pre-irradiation to improve the performance of detectors [6 ],
3.4 Applications
Diamond has found increasing use as a window material in harsh environments, due to its 
transparency and heat conductivity, for example as the exit window for high power light sources.
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high power microwave windows and high power infrared laser windows.
Heat conductance combined with excellent electronic performance in diamond, enables reliable 
small high speed, high power devices, electron emitters, particle or UV-detectors and also gas 
sensing devices [54]. As an additional advantage, diamonds are non-toxic, chemically stable and 
mechanically robust. All these properties enable diamond to be utilized as radiation dosimeters. 
The Corrosion resistance and the radiation hardness of diamond allow it to be used for measuring 
radiation in difficult circumstances / harsh environments such as in nuclear waste monitoring [61]. 
The strong atomic bonding in the crystal structure is an advantage in diamond, which gives the 
material the ability to measure high intensity ionizing radiation with a long device life time.
Since diamond is made up of carbon that is a biocompatible, non-reactive material, a great effort 
has been devoted for using it for dosimetry in medical applications and used also for the same 
reason as an electrode material especially for biological sensors. It can also be used for particle 
tracking and as beam monitor [55].
Diamond is not only suitable for use as a solid state ionisation chamber, but it can also be used in 
thermoluminescence dosimetry [6 ].
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Figure 3.2: Variation of the x-ray response of a pumped device as a function of the dose [47].
Some conditions are required during the fabrication of the diamond devices: first, the thickness 
must be adjusted to the range of the species to be detected. Furthermore, it should never be exposed 
to a higher temperature during irradiation, as this would decrease the charge carriers’ lifetime due 
to the emptying of trap levels with trapped carriers. Finally, using a metal ohmic contact is 
desirable. If all these conditions are combined, then diamond will exhibit perfect linearity response 
against dose as shown in figure (3.2) [47].
3.4.1 Diamond as thermoluminescence dosimeter
Thermoluminescence (TL) is a phenomenon where irradiated materials emit light upon heating. 
Ionising radiation causes excitation of electrons that are trapped in the forbidden energy gap at
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lattice imperfections. Subsequently applying heat releases the trapped electrons/holes, allowing 
them to return to the valence band, emitting the energy difference as visible light as shown in figure
(3.3) [62].
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Figure 3.3: Schematic diagram of Thermoluminescence in terms of the properties of 
defects [62].
The luminescence intensity is dependent on: the absorbed dose, the temperature and the trap 
density [6 ]. Lithium Fluoride (LiF) is the most widely used material in TL dosimetry. However, 
one inherent drawback in LiF is that it is a toxic and hygroscopic, which limits its use in passive 
dosimetry in the clinical routine. In contrast, diamond is non-toxic and is chemically inert. 
However, TL properties of natural diamond samples are not similar due to their types (la, Ib, Ila, 
nb), which correspond to several kinds of defect levels and concentrations that can be found 
originating from impurities, dislocations and crystal defects [6 ].
3.4.2 Comparison with competitor
Diamond has found increasing use in various applications in the field of radiation detection due to 
its resilient properties compared with other commercially available semiconductors such as silicon.
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The combination of these properties, which are summarized in table 3.1, indicates that diamond 
provides a good performance for this application [46].
Property Diam ond Silicon
B and gap (eV ) 5 .4 7 1.12
M ass density  (g  cm  "^ ) 3 .5 1 5 2 .3 3
D ie lectr ic  constant @ 3 0 0  °K 5.7 11.9
R esistiv ity  (Q cm ) > 1 0 " 2.3  X 10^
E lectron m o b ility  (cm^ V  s “') 1 5 0 0 -2 4 0 0 1450
H o le  m ob ility  (cm^ V s "') 1 0 0 0 -2 1 0 0 4 8 0
Therm al con d u ctiv ity  (W  cm  K ‘ )^ 1 0 -2 0 1.3
R adiation length  (cm ) 12 9 .4
Energy to  create an e le c tr o n -h o le  pair (eV ) 13 3 .6
B reakdow n fie ld  (K V  cm"') lO L 2x1 O'' 30 0
Table 3.1: com parison of some of the properties of diamond and silicon [46].
3.5 Sensitivity mapping
Sensitivity mapping in CVD polycrystalline diamond detectors had been described by Bergonzo et 
al [63-65] using a focused scanning X-ray beam. In these experiments, the X-ray beam was focused 
using the scanning X-ray microscope (SXM) [6 6 ] generated by a synchrotron light source, giving a 
spot size in the range of 1 pm as illustrated in figure (3.4). The X-ray beam was monochromatised 
using a double crystal monochromator to vary the value of the incident photon energy before 
focusing. The 1-mm diameter zone plate was used to focus the beam into a spot size ~ 1 pm and to 
give a certain value of the beam flux. The sample was placed perpendicular to the beam axis in the 
focus plane of the zone plate lens. It also was scanned in x-y plane perpendicular to the x-ray beam 
by using piezoelectric effect and mechanical stages.
Biased, ra s ter scan n ed  
CVD diam ond detector,
Aperture ' 'N .
Crystal
m onochrom ator
\
Zone p late 
objective len s—*.
K eithley487
electrom eter
Figure 3.4: Experimental set up used for imaging CVD diamond sensitivity 
under a micrometer size X-ray beam (at the ESRF) [63],
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A polycrystalline CVD diamond was used with a thickness of 300 pm and grain size in the range 
from 80-100 pm. The device was constructed as a sandwich structure as shown in figure (3.5) to 
keep the electric field uniform through the device [63-65].
The contact was prepared by evaporating gold on both sides of the diamond sample with different 
thickness. For the front electrode, the gold thickness was 20 nm or 10 nm. While for the back 
electrode, the thickness was 60 nm or 100 nm [63].
Focused X-rays
=ktv
Figure 3.5: Schematic representation of the device for sensitivity measurement [63].
The induced photocurrent of the sensitivity maps were measured as a function of the interaction 
position and plotted on 2D. These results were compared with the topographical image of the 
surface using a scanning electron microscope SEM [63, 65].
The results exhibit a strong non-uniformity, which can be related to the grain structure of the 
material. The sensitivity across the detector’s surface only increased in some grains as the bias 
voltage was changed as illustrated in figure (3.6), which is expected, due to the charge carrier 
saturation velocity reached in some grains at high electric field (> 10'' V/cm). Furthermore, 
degradation in the charge transport properties in grain boundaries was also found due to either the 
localised reduction in the electric field or increased probability of trapping or both [63, 64, 67].
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Figure 3.6: Effect of the field variation from 100 to 800 V, i.e. at 3.3, 6 .6 , 13.2 and 26.4 
kV/cm, respectively. Grey scales are identical and spread from 1 to 28 nA (logarithmic). 
Flux, energy unchanged: 2.2x10  ^ph/s, at 5.5 keV [63].
The detector exhibited locally high gain with values greater than unity. Additionally, if a high 
electric field is achieved, subsequently the photo conductivity gain can reach two [63] as shown in
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figure (3.7). The change in the local electric field through the device was related to its local 
thickness. The corresponding values in the recess regions were the highest, especially if the recess 
depth is greater than 20 pm, the field values may increase by a factor higher than two [65]. So, the 
resultant current is sensitive to the detector thickness variations.
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Figure 3.7; Histogram of the sensitivity current distributions [63].
In a further experiment, changing the X-ray energy was used to measure the non-uniformity of the 
detector throughout its volume and near the surface. This exploits the direct relationship between 
the penetration depth and the energy of the x-ray beam. At very low photon energy, 3 keV, the 
sensitivity map shows lower currents than that at 5.5 keV with maximum current of 1 nA as shown 
in figure (3.8). This reduction in sensitivity is due to the decrease in the number of photon flux and 
their lower energy, as at 3 keV attenuation of the photons occurs in the vicinity of the entrance 
contact [63].
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Figure 3.8; Comparison of the distribution of the diamond sensitivity on the same area 
probed with two different energies; (left) at 5.5 keV and (right) at 3 keV [63].
It is clear evidence, that the polycrystalline nature [63, 65] was the main reason for non-uniformity. 
Additionally, in the case of using synchrotron beams, i.e. large number of photon flux, there is no 
need to use detectors with high grain sizes, which may cause non-uniformity in the sensitivity. 
Finally, it can be deduced from the previous properties that polycrystalline CVD diamonds are less
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attractive in radiation detection applications when compared to the other commonly used 
semiconductor materials, thus further research into this material would be vital for its utilization as 
a detector.
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4 Device Fabrication
4.1 Description of samples
In the following experiments eight devices were fabricated. Five of which were metalized using 
metals such as: Titanium/Gold (Ti/Au), Platinum (Ft), and Aluminium/Platinum (Al/Pt). Three 
types of diamond were used as a base material; two single crystal CVD diamonds (one high purity 
and one of lower purity) and polycrystalline CVD diamond purchased from Element six Ltd. Of the 
eight detectors two were manufactured on a high quality electronic grade polished CVD diamond 
crystal (with dimensions 4.2x4.2 mm^, 0.5 mm thick), one with a 3x3 mm^, 120 nm thick square Pt 
contact and the other with 3x3 mm^, 50/100 nm square Al/R contact. These two detectors were 
labelled HPS-Pt and HPS-Al/Pt accordingly. The third detector was manufactured on a lower purity 
single crystal CVD diamond crystal (with dimensions 2.45x3.0 mm^, 0.49 mm thick), with 
Titanium (Ti) of thickness 50 nm and Gold (Au) of thickness 100 nm deposited on both sides (this 
detector was called VS-Ti/Au). Once the experiments were performed on the third detector the 
contacts were removed from the lower purity single crystal CVD diamond and a 1.7x2.1 mm^, 150 
nm thick rectangular Pt contact placed on the crystal (this detector was called VS-Pt). The fifth 
detector was manufactured on a polycrystalline CVD diamond (with dimensions 10.5x10.5 mm^, 
0.5 mm thick) metalized using Pt with three circles of diameters 2, 4 and 5 mm (labelled Poly-Pt).
The other three devices were fabricated by deposition of electrical contacts made of Carbon on 
diamond by, a novel technique. Pulsed Laser Deposition (PLD). Two of which have a 
polycrystalline CVD diamond base (with dimensions 10.5 x 10.5 mm^, 0.5 mm thick), one with 
Carbon (C) contact (labelled Poly-C) and the other with Carbon/Nickel (C/Ni) contact (labelled 
Poly-C/Ni). The last device had a single crystal CVD diamond base (with dimensions 4x4 mm^, 0.4 
mm thick) with a 2x2 mm^ C/Ni contact (labelled SC-C/Ni).
All the diamond samples fabricated (single crystal and polycrystalline); dimensions and the 
parameters of the contact fabrication are summarized in table (4.1).
Sam ples D im ensions (mm)
Contact
material
D im ensions /  
D iam eter 
(m m )
Contact
thickness
(nm)
V S-T i/A u 2 .4 5 x 3 .0 , 0 .49  thick Ti/A u 5 0 /100
H PS-Pt 4 .2  X 4.2 , 0.5 thick Pt - 3 x 3 120
H PS-Al/Pt 4 .2  X 4 .2 ,0 .5  thick A l/Pt - 3 x 3 50 /100
2 .4 5 x 3 .0 ,0 .4 9  thick Pt -1 .7 x 2 .1 150
Im M M M Êÿi 10 .5x10 .5 , 0 .5 thick C ~d=4 25
P oly-C /N i 10 .5x10 .5 , 0 .5 thick C /N i ~d=4 80
Poly-Pt 10 .5x10 .5 , 0 .5  thick Pt ~d=4 100
SC -C /N i 4 x 4 , 0 .4  thick C /N i - 2 x 2 80
Table 4.1: All the diamond samples used in the following experiments
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4.2 Surface preparation and fabrication
All the samples were cleaned and chemically treated for oxidation before the deposition of the 
contacts.
4.2.1 Cleaning and oxidation
Initially all the samples have been cleaned in aqua regia using the following chemical procedure:
20 mL of concentrated nitric acid (HNO3) is poured into a 150 mL beaker, and then 60 mL of 
hydrochloric acid (HCl) added into same beaker. After mixing both solutions, it initially turns 
yellow and finally ends up with orange colour after 20 minutes. Normally it is recommended to use 
the aqua regia solution after 30 minutes of mixing time. The sample is carefully dipped into this 
solution for 10 minutes and then dipped into 350 mL of de-ionized water (DIW). The sample is 
subjected to a series of washes starting with de-ionised water and then acetone. This is followed by 
washing it in isopropanol and finally it was another wash using de-ionized water. This whole 
process was performed in a fume cupboard.
All the samples were chemically treated for oxidation before metal sputtering to improve the 
surface properties and ensure an oxygen terminated surface with high resistivity. As for the 
oxidation of the samples 5 grams of potassium nitrate (KNO3) were mixed with 20 mL of 
concentrated sulphuric acid (H2SO4) heated to a temperature of 300°C. The sample is then 
submerged in the solution for 5 minutes; the sample is washed with de-ionized water and then 
acetone. This is followed by washing it in isopropanol and finally another wash using de-ionized 
water. Again this whole process was performed in a fume cupboard.
4.2.2 Electrode deposition
This process was performed using two methods, the conventional sputtering or a thermal 
evaporation technique or a new technique to deposit carbon electrodes known as Pulsed Laser 
Deposition (PLD).
The HPS-Pt, VS-Pt, HPS-Al/Pt and Poly-Pt devices were masked and an Edwards K575XD Turbo 
Pumped High Resolution Sputter Coater running with Argon used to produce the electrical contacts 
in a sandwich structure. The diameter of the A1 and Pt targets were 57 mm and they were cleaned 
by a standard preliminary etching cycle of the Sputter unit before each deposition. A current setting 
of 50 mA was used to produce the Pt contacts whilst a current of 140 mA was used to produce the 
A1 contacts. The chamber was at pressure of 6  x 10'  ^mbar during the sputtering process. The metal 
contacts were deposited on the centre of each sample using a shadow mask; an area outside of the 
electrode area was left without a contact to avoid the flow of current around the edge of the device. 
The thickness of the metal layer was confirmed by a Dektak surface profile measurement.
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After covering the diamond sample with the deposited metal, the whole sample was annealed (i.e. 
VS-Ti/Au was annealed at 400 °C for 20 minutes to form a Ti/Au versus diamond interface, for 
HPS-Pt, VS-Pt and HPS-Al/Pt the samples were annealed at 600 ”C for 10 minutes in vacuum, 
which was achieved using a GSL-llOOX (High Temperature Vacuum Tube Furnace)) to remove 
the surface hydrogen [6 8 ] and obtain a low dark current.
4.2.2.1 Mounting the samples
The HPS-Pt, VS-Pt and HPS-Al/Pt devices were mounted on square (2.5 x 2.5 cm^; 1 mm thick) 
ceramic substrates using gold paste over a central hole with a 2.5 mm diameter, as seen in figure
(4.1). This allows the monitoring of the X-ray beam intensity in transition geometry behind the 
samples.
(a) 4.2x4.2 mm^ detector area (b) 2.45x3.0 detector area
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Figure 4.1; Schematic representation of the layered structure for (a) HPS-Pt (b) VS-Pt (c) 
HPS-Al/Pt diamond samples.
A gold wire (24 pm thickness) bond is fixed on the top contact of each device using a 4124 Ball 
Bonder and the other end connected to a separate conductive track on the top layer of the ceramic 
substrate. This process was performed under a microscope. This is then soldered to a readout cable.
4.2.3 Carbon deposition contact by Pulsed Laser Deposition (PLD)
The following section describes the equipment and process involved in Diamond like Carbon 
(DLC) deposition onto the diamond crystals using PLD as shown in figure (4.2). The deposition by 
a laser helps the formation of a layer of carbon with a high quality and a very low percentage of 
hydrogen [14], which in turn reduces the conductivity of the material and consequently reduces the 
dark current. The quality of this film depends on both the ratio of spVsp^ bonded carbon in the film 
and also on many preparation parameters such as: the laser fluence, number of laser shots used, 
pulse duration and nature of the graphite target [69].
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4.2.3.1 Experimental set-up
The main set-up is simply composed of two components, the vacuum (growth) chamber and a 
source which is a high-power laser. The former has multiple sample holders and a rotating target 
holder is housed inside the vacuum chamber (typically operated at 6x10'^ Torr). A 25 ns pulsed 
KrF excimer laser (Lambda- Physik LPX 210i) operating at 248 nm is focused through a quartz 
window onto the target to evaporate the material and form a plasma plume which then deposits a 
thin film on the surface of the sample. The energy of the focused laser beam leads to the emission 
of high energy ions, atoms and clusters from the target with a driving force capable of converting 
the carbon bonds from sp  ^ (graphite) to sp  ^ (diamond). The combination between these two types 
of carbon bonds leads to the improvement of electron emission properties.
The growth chamber is made out of stainless steal with two fused silica windows; their function is 
for viewing the deposition during the process of ablation and the other window allows the laser to 
pass through it after focusing and falling on the rotating carbon target surface (which is 6  cm away 
from the samples) with an angle of 45° with respect to the normal of the target surface.
This chamber is used after being evacuated using turbo and rotary pumps to an internal pressure 
reading of 6x10'^ Torr. During this process the carbon target is rotating, the function of this rotation 
is to avoid the ablation from the same point on the target leading to hole formation.
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Laser
Key
pad
Pulsed laser beam
Focusing lens
Vacuum chamberQuartz window
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Quartz window
Figure 4.2: Schematic diagram of the thin film deposition on the polycrystalline diamond 
using Pulsed Laser Deposition (PLD) technique.
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Before any deposition the target is cleaned for 10 minutes while rotating with a speed of -40 rpm. 
The rotating process was controlled remotely via DES User Interface Version 1.10. The purpose of 
cleaning the target before the deposition is to improve the adhesion of the deposited thin film, on to 
the crystal (sample) through the removal of any contamination present on the top layer of the target 
surface. During the deposition process, the target is also rotated at -40 rpm for 4 minutes and 10 
seconds.
The laser device has two possible outputs paths; the first enters the growth chamber and the second 
can be used for annealing (however this was not used in this experiment). Deposition of each film 
was carried out using 2500 laser shots. In order to determine the optimum fluence required for the 
carbon to adhere to the diamond sample and to give a film with a good quality, four different 
fluence values were investigated on low cost Si0 2  samples. The values of the fluence used were 3, 
4, 5 and 6  J/cm^. It was found that the increase of the fluence results in the increase of stress which 
results in poor adhesion (adherence) of the deposited layer. A fluence of 4 J/cm^ (focused to a spot 
size of 2x0.5 mm^) was found to be the optimum and was reached using 40 mJ of energy per pulse 
with a repetition rate of 10 Hz.
Two different targets were used for the fabrication of the devices by the new method. The first was 
a pyrolytic graphite target (Kurt J. Lesker, with a purity of 99.99 %) and the second target used was 
C/Ni: 80:20 (at. %).
All polycrystalline devices (Poly-C, Poly-C/Ni and Poly-Pt) were placed into a shadow mask that 
incorporated three circles of diameters 2, 4 and 5 mm creating three devices onto one crystal. For 
the purpose of the following experiments only the metal contact of size of 4 mm diameter was used 
when performing any measurements. It should be noted that the three contacts on each of three 
samples was tested and consistent data observed.
The entire procedure is repeated for the other face of the crystal. The shadow mask used in the 
second deposition is a mirror image of the first one to keep the symmetry of the deposited devices 
on both sides of the crystal.
4.2.3.2 Annealing the devices
After contact deposition the devices Poly-C, Poly-C/Ni, Poly-Pt and SC-C/Ni were annealed at 600 
°C for 10 minutes, to increase electron delocalization through graphitization leading to better 
electrical properties [70] in order to get a low dark current. This was achieved using a Lenton low 
pressure furnace operated with 100 seem of Helium. The ramp rate of the heating oven is in the 15- 
20 °C/min range.
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Figure 4.3: Photograph of the three polycrystalline diamond detectors (a) Poly-C (b) 
Poly-C/Ni (c) Poly-Pt.
4.2.3.3 Mounting the devices
The three devices (Poly-C, Poly-C/Ni and Poly-Pt) were mounted on printed circuit board (PCB), 
using a similar method to that described in Section 4.2.2.1. The devices were mounted on 2.5x2.5 
cm^; 1 mm thick PCB boards using a small dot of gold paste on the centre of the three deposited 
circles.
A gold wire (thickness of 24 pm) was attached to each of the three circles on the top using 
Conductive Silver Epoxy; this was achieved by dipping the tip of the fine gold wire into the glue 
and then the wire holding the very small amount of glue was lowered onto the top of the carbon 
contact and secured there for three hours until the glue had dried. The other end of the gold wire 
was connected to its corresponding copper pad on the PCB using silver paint as shown in figure
(4.3).
The pads are connected with standard electrical wires connected to a BNC bulkhead connector, 
which controls which device will be measured by changing which of the wires is connected to the 
port. A fourth wire is used to ground the device which is connected to the triaxial bulkhead 
connector.
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4.2.3.4 Single crystal carbon contact fabrication
This section describes the equipment and process involved in fabricating a device on a single 
crystal diamond (with dimensions 4x4 mm^, 0.4 mm thick) with C/Ni contact deposited by PLD as 
shown in figure (4.4). As stated earlier this device was labelled SC-C/Ni.
The experimental set up used to produce a tissue equivalent X- ray dosimeter of a single crystal 
diamond detector with C/Ni contact is similar to that described before for polycrystalline diamond 
detectors as shown in figure (4.2). This includes cleaning and oxidation of the material surface 
before any deposition, the procedure of deposition of C/Ni by using the new technique (PLD), the 
laser parameters, the procedure and the parameters of annealing the sample, the method used to 
mount the sample on the PCB and the procedure for performing a wire bonding and mounting the 
device inside the metal box for x-ray measurements. It should however be noted that there were 
two differences from the previous set up. Firstly, the crystal has only one device (not three as in 
polycrystalline devices) with the C/Ni contact deposited on the centre of the sample on both sides 
using a shadow mask with dimensions 2x2 mm^. Bearing in mind that the shadow mask used in the 
second deposition is a mirror image of the first one to keep the symmetry of the deposited devices 
on both sides of the crystal as shown in figure (4.4). The second difference is that the sample was 
mounted on a PCB using Colloidal Graphite Epoxy.
4.0x4.0 mm  ^detector area
C/Ni
2x2 mm^
C/Ni
2x2 mm^
High purity 
SCCVD 
diamond
>■ 400 pm
Figure 4.4: Schematic diagram of the SC-C/Ni diamond detector.
4.2.3.5 Characterisation of the PLD layers 
Raman spectroscopy
The structure of the deposited carbon film on polycrystalline diamond was characterized before and 
after annealing (annealed at 873 K, 100 seem Helium, 10 minutes) using Raman spectroscopy. The 
Raman spectroscopy was carried out using a Renishaw MicroRaman system at a wavelength of
514.5 nm.
The result shows prior to annealing, the existence of a G peak as seen in figure (4.5.a); it means 
that the carbon film has sp  ^bonded atoms in the film. Additionally, the weak D peak indicates very 
little disordered hexagonal sp  ^content in the film [71]. The D position, G position and the G peak
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FWHM are indicated in table (4.2). This peak shape is consistent with the deposition of high sp 
DLC [72].
D pos (cm'^) G pos (cm'^) G FWHM
Before annealing 1350 1550 100
After annealing 1385 1580 70
Table 4.2: G and D peaks of the Poly-C/Ni before and after annealing
However, after annealing sp  ^ bonded chains become graphitic clusters. The D peak intensity 
increases as the D peak indicates defects in sp  ^hexagons (i.e. edges of sp  ^hexagons).
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Figure 4.5: (a) Raman spectroscopy of the Poly-C before and after annealing (b) Energy 
Dispersive X-ray (EDX) of the Si0 2 -C/Ni device.
An Energy Dispersive X-ray (EDX) measurement was performed to check the Ni fraction in the 
deposited film as shown in figure (4.5.b). The Carbon/Nickel ratio was determined (as atomic 
percentages) from films deposited onto a SiOi/Si substrate with the aid of an Oxford INC A Penta 
FETx3 EDX system in combination with a EEI Quanta 200E scanning electron microscope. In 
order to quantify the results, an EDX spectrum of the target which had a known composition of 
80:20 (atomic %) of C: Ni was also taken. Calculation of the Carbon and Nickel percentages was 
done using Gaussian fits. During the calculation of the Carbon and Nickel percentages in the film, 
the contribution due to oxygen and silicon were ignored.
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5 Characterisation techniques
5.1 I-V characterisation
Current -Voltage (I-V) characteristics of all the diamond devices presented in this work were 
measured using a Keithley 487 electrometer, which was also used to apply a bias voltage to the 
device. (This electrometer can apply a voltage between -500 and +500V in 1 volt increments, and 
can measure currents in the range of 10 fA to 20 mA. Data acquisition is obtained via a RS 232 
Port.). Each tested device was connected in series with a resistance of 10 kQ to protect the circuit 
from damage. However this resistance has no effect on the I-V measurement as this value is 
negligible in comparison to the resistance of the diamond samples (several MQ or higher). 
Therefore, the measured current voltage characteristic reflects only the diamond sample properties.
The device is mounted inside a metal box with two connectors, one for the bias and the other for 
the current. A Lab view program is used to control the measurements; which controls the scanning 
range of the applied bias voltage, the size of the voltage steps and the settling time at each bias 
before recording the current. The bias voltage is applied through the top contact with voltage steps 
of 2 V whereas the induced current is measured through the back contact.
All current measurements were taken 30 seconds after each voltage change, in order to measure the 
stabilised current value. It should be noted that all 1-V measurements were performed in air.
The 1-V characteristic allows the calculation of the dark conductivity, or resistivity. Furthermore, it 
provides the safe range of bias which can be applied through the detector.
5.2 Broad beam X-ray photocurrent measurements
The X-ray setup used to measure the dosimetric properties of all diamond devices (HPS-Pt, VS-Pt, 
HPS-Al/Pt, Poly-C, Poly-C/Ni, Poly-Pt and SC-C/Ni) consists of a 50 kVp X-ray tube with a 
molybdenum reflection target (Oxford instruments XE50 11). Different dose rates were obtained by 
varying the anode current. The quoted values correspond to the air kerma near the sample position 
calibrated by a 0.6 cm  ^ionization chamber of model number NE2571A* (where the inner electrode 
and thimble are constructed with tissue equivalent material) this gives a crude approximation of the 
energy deposited in the samples neglecting differences due to air ionisation, scattering and 
absorption effects. The anode current and the voltage of the x-ray tube can be varied up to 1 mA 
and 50 kV, respectively.
* During the calibration process the detector is replaced with an ionization chamber. This chamber is 
connected to a Standard Farmer Ionisation Chamber with an integrated voltage source and dose rate meter 
(Ne technology LTD, UK) via a RS 232 Port. This device is used to measure the charge within the ionisation 
chamber and as such determine the corresponding dose and dose rate.
40
A simplified sketch of the set up is shown in figure (5.1). The X-ray beam is incident normal to the 
device surface. The device is housed inside a metal box with a thin A1 foil window between the X- 
ray beam and the surface of the device. This ensures the device is kept in the dark whilst 
minimising the loss of X-ray energy. This is placed upright to the X-ray beam as shown in figure
(5.1), through the top contact.
Applied bias Induced current
X-ray beam
X-ray tu b e
:  X
Diamond / \
sample
K eithely 487 
e le c tro m e te r
Metal box
Figure 5.1: Schematic drawing of the x-ray source used in measuring the dosimetric 
properties of the diamond devices.
A Labview program was used for remote control of the applied bias voltage to the top contact of 
the diamond sample using a Keithley 487 electrometer. The induced photocurrent signal was 
measured by the Keithley 487 electrometer, through the back contact as described previously for 
dark current measurements.
During irradiation, the variation in the dose rates was performed by changing the anode current in 
the tube and/or changing the distance between the source and the diamond sample. At a distance of
27.5 cm, the dose rates could be varied from -2.7 up to -55 cGy/min and at a distance of 11.5 cm, 
the dose rates could be varied from -15 up to -245 cGy/min at a tube voltage of 50 kV.
5.3 X-ray mapping
5.3.1 Development of X-ray mapping system at Surrey
This section of the thesis starts by discussing the development of the x-ray mapping system at the 
University of Surrey. Next the process of evaluating the spot diameter of the x-ray beam using two 
different methods is discussed. The first method uses fluorescent paper and an internet video 
camera. The second method is stepping over an edge using a silicon PIN diode. This section also 
discusses some silicon PIN diode characteristics as well as measuring the dose rate from the 
experimental set up, which is shown in figure (5.2).
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5.3.1.1 X-ray mapping set-up (at Surrey)
The X-ray source used in these experiments was a 225 KVp with a tungsten reflection target 
(Comet MXR 225/22 with a power supply Gulmay CP-225) with variation in the tube voltage from 
1 kV to 160 kV. The variations in the dose rate were achieved by changing the tube current in the 
x-ray tube. The tube current can be changed from 0.1 mA to 30 mA.
The diameter of the X-ray beam was reduced by using two kinds of collimators combined with 
scanning through the sample positions as shown in figure (5.2) and figure (5.3). This set up may 
overcome the challenges of obtaining an image of the photocurrent at different positions to produce 
a map of the sensitivity. The sample positions are given (x,y) coordinates indicating their location 
in the CVD diamond sample.
The measurement of the beam spot diameter is described in the following: a pinhole collimator 
with diameter 1 mm was used to limit the spread of the X-ray beam. Otherwise, the X-ray beam 
will have a cone shape; the pinhole collimator reduces the scattering of the beam around the main 
collimator. The collimator used in this experiment is a two-shutter collimator; it is made out of 
Tungsten with the dimensions 6.5 cm (length) x 6.5 cm (width) x 3.5 cm (thickness). In addition, it 
includes two gates that are controllable using a micromanipulator, controlling the gap dimensions. 
The distance between the source (pinhole collimator) and the main collimator (two-shutter 
collimator) is fixed at 140 mm and the sample is 2  mm apart from the main collimator as shown in 
figure (5.2). A simplified sketch of the set up is shown in figure (5.3). A Labview program controls 
the mechanical scanning of the sample in x-y directions perpendicular to the collimated X-ray 
beam.
The X-ray beam is incident normal to the sample surface through the top contact. The bias voltage 
is applied through the top contact whereas the photo generated current signal is measured, with a 
Keithley 487 current meter, through the back contact. The electrical contacts were formed on both 
sides of the detector by evaporation of different materials on both sides. The contacts cover most of 
the area to allow studying the sensitivity across the whole surface.
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Figure 5.2: Photograph of the experimental set up used to determine the spot diameter of the 
focused x-ray beam and perform sensitivity mapping.
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Figure 5.3: Schematic drawing of the apparatus used in the experimental set up.
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5.3.1.2 Characterizing the spot size
Two methods are used to measure the spot diameter, which is an important parameter needed when 
moving the detector in the x-y direction (using the labview program). The measurements are in the 
range of a few hundred micrometers. The two methods that were used to measure the spot diameter 
are described in detail below.
5.3.1.2.1 F irst method: using fluorescent paper and a video camera
For this measurement the setup included a webcam (Linksys WVC54GC Wireless-G Internet 
Video Camera) located under fluorescent paper. When the X-rays are switched on, the beam 
interacts with the fluorescent paper and creates a green spot in the dark. The webcam magnifies the 
real size of the beam spot as shown in figure (5.4: b-f). To calculate the real value, the size was 
calibrated by drawing circles with known diameter on the fluorescent paper, as shown in figure
(5.4).
Using this method, the apparent spot diameter is nearly equal to 510 pm (at tube current = 29 mA 
and tube voltage = 100 kV), 350 pm (at tube current = 20 mA), 290 pm (at tube current = 15 mA) 
and 225 pm (at tube current = 12 mA) as shown in figure (5.4.b, c and d). In addition, if the tube 
current decreases it will be more difficult to measure the spot diameter of the focused X-ray beam. 
This is due to the decrease in the intensity of the beam with current.
5.3.1.2.2 Second method: stepping over an edge o f  a Silicon P IN  diode
The glass window of the Si PIN photodiode (Hamamatsu Si PIN Photodiode S1223 Series) used 
was removed so that all the incident energy would be absorbed by the material and that the 
absorbance of the glass would not affect the results. First, the dark current was measured (X-rays 
switched off). Second, the X-ray tube was turned on and the current in the Si PIN diode saturated at 
2.35 nA, as shown in figure (5.5). The measurements were performed at X-ray tube current, tube 
voltage and bias voltage, 30 mA, 100 kV and 0 V, respectively. All measurements are performed in 
the dark, to avoid the effects of light on the photocurrent. This signal current was measured at zero 
bias voltage as it showed the best signal to noise ratio.
The movement of the detector on the x-y stage is not correlated to the x-ray spot size or the 
collimator. The spatial resolution is affected by the precision of the movement of the stage and the 
beam spot size. The fixed beam spot is directed perpendicular to the plane of the active area of the 
silicon PIN diode which is placed on the x-y stage, which permits the translation of the detector 
while keeping the collimated X-ray beam fixed. Initially, the beam is not incident onto the active 
area of the detector, so the current value measured is the dark current. Once the x-y stage starts to 
move the detector towards the x direction, in steps of 60 pm, the beam will scan over the detector.
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Figure 5.4: (a) The fluorescent paper under normal illumination. The spot of the focused x- 
ray beam in a darkened room at different tube currents (b) at 29 mA (c) at 20 mA (d) at 15 
mA (e) at 12 mA (f) at 8  mA.
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Figure 5.5: The dark current and photocurrent in a Si PIN diode detector when x- 
rays are off and on, respectively. The measurements were performed at x-ray tube 
current, tube voltage and bias voltage, 30 mA, 100 kV and 0 V, respectively.
45
With the continuing movement of the detector towards the beam spot, the beam will cover an 
increasing part of its active area, so the induced current will increase gradually before equilibrium 
is reached when the spot is completely inside the detector active area. Finally, the operation will go 
inversely, and the induced current will gradually decrease when the detector moves away from the 
beam spot until it returns to the background level as shown in figure (5.6.a). The spot diameter is 
measured using the horizontal distance between two points on the photocurrent/distance graph as 
illustrated in figure (5.6.a); the first point is where the radiation recorded by the Si PIN diode 
detector reaches 5 % of the maximum amplitude and the second is where it reaches 95 % of its 
maximum, i.e. the stabilized photocurrent.
The reverse direction is shown in figure (5.6.b). As expected, there is no significant difference in 
the spot diameter between the two directions.
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Figure 5.6: Measuring the spot diameter of the focused x-ray beam using the Si-PIN diode 
with scanning steps = ±60 pm in (a) positive x-direction (b) negative x-direction.
The effect of dose rate (Tube current) on the spot diameter
In this section, the effect of changes to the tube current (dose rate) on the spot diameter of the 
collimated X-ray beam is discussed. The spot diameter was measured at tube currents of 5, 10, 15, 
20, 25 and 30 mA. All the measurements shown in figure 5.7 are performed at fixed X-ray tube 
voltage and bias voltage, 100 kV and 0 V, respectively and by moving the sample in 60 pm steps in 
x-direction.
As expected the photocurrent increases parallel to the increase in the X-ray tube current. The 
experimental data extracted from figure 5.7 (as calculated in figure 5,6) suggests a direct 
relationship between the tube current and the spot diameter of the X-ray beam. This is not the case 
since there is no increase in the spot diameter with tube current, but rather an increase in beam 
intensity. However due to the sensitivity of the Si PIN diode this increase in intensity is mistaken 
for increasing spot diameter.
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Figure 5.7: The spot diameter of the collimated X-ray using Sillicon PIN 
diode as a function of x-ray tube currents ranging from 5 to 29 mA.
The two methods showed a similar trend of spot diameter / intensity increase with the increase of 
dose rate. However, the silicon PIN diode showed higher values than the video camera; the reason 
behind this is that the Si PIN diode has a higher sensitivity to the lower level X-rays surrounding 
the spot diameter thus increasing its actual value. When viewing the video camera images this is 
harder to detect and when analysed can affect the diameter measurement causing uncertainty, the 
value of these lower level X-rays is related to the quality of the collimator.
5.3.1.3 Calculating the dose rate
In the beginning, we find the respective values of the relative dose rate for the collimated X-ray 
beam with the change in the tube current by using a calibrated ionization chamber. The ionization 
chamber is placed directly after the main collimator (two-shutter collimator, to get the collimated 
x-ray beam). The distance between the ionization chamber and the pinhole collimator is 14 cm, 
which is the same distance where the detector is later on to be measured. The X-ray machine is run 
with tube currents from 0.5 to 30 mA, which is the maximum value of the tube current in this 
Comet MXR 225/22 X-ray tube.
Figure (5.8) shows the relative dose rate (since only a small portion of the ionisation chamber is 
irradiated due to the collimated beam size) resulting under the main collimator in case of the 
presence of the pinhole collimator in the top of the x-ray machine. It was found that the relative 
dose-rate values vary in the range from 12 pGy/min at 0.5 mA to 2.779 (= 2.8) mGy/min at 30 mA 
as illustrated in figure (5.8).
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Figure 5.8: Relative dose rate of the collimated x-ray beam (spot diameter 
~ 530 pm) in case of using both collimators.
These values are used later on to make a calibration curve for the detector between the relative dose 
rate and the induced photocurrent. In addition, figure (5.9) shows the dose rate for the X-ray beam 
without any collimation at X-ray tube voltages of 100 kV.
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Figure 5.9: Dose rate of the x-ray beam without any collimation at tube 
voltage of 100 kV.
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5.3.2 Synchrotron Microbeam mapping
5.3.2.1 Experimental set-up at the NSLS Microheam
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Figure 5.10: Schematic diagram of the experimental set up for the x-ray sensitivity mapping 
at the X6 B beam line at the National Synchrotron Light Source (NSLS).
The x-ray beam at the X6 B beam line of the NSLS exits from the beam pipe passing through an ion 
chamber before going through the collimating slits that control the beam size. The collimated beam 
then goes through to a second ion chamber just before perpendicularly hitting the upright sample, 
whose position is controlled using an x-y stepper motor. The sample is attached to two copper 
clamps as shown in figure (5.10). The copper clamps are controlled using a mechanical spring 
which allows the copper holders to touch the contact of the sample. The bridge between the clamps 
and spring mechanism is a ceramic component preventing a short circuit of the device.
The electrode of the back of the sample was used to deliver the bias voltage to the sample while the 
induced photocurrent signals were measured through the front contact using a Keithley 6517 
electrometer. After impacting the sample the x-ray beam is transmitted to a Silicon photodiode 
which is situated 36.5 cm a part from the sample; it is used to measure the transmitted X-ray beam 
flux.
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S.3.2.2 Experimental set up at the DLS synchrotron
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Figure 5.11: Schematic diagram of the experimental set up for x-ray mapping at the B16 beam 
line at the Diamond Light Source (DLS).
The focused monochromatic x-ray beam from the B16 beam line of the Diamond Light Source 
(DLS) was used to characterize three of the single crystal CVD diamond devices (HPS-Pt, VS-Pt 
and HPS-Al/Pt). The B16 beam line can provide a monochromatic x-ray beam with energy from 4 
to 20 keV. The beam size of the focused beam is controlled using the beam line optics; it can be 
changed from 1.5 x 1.5 \im^ to 200 x 200 pm .^ A schematic diagram of the experimental set-up 
used for x-ray mapping at the DLS from B 16 beam line is observed at figure (5.11).
The monochromatic x-ray beam was set to exit from the beam pipe with an energy and beam size 
of 20 keV and 4x4 pm ,^ respectively. The diamond sample was housed inside a metal box, which 
was mounted on the x-y stage to give the sample the ability to move during a scan. At a distance of 
9 cm from the sample a calibrated Silicon PIN diode was mounted on the translation stage behind 
the metal box, this allowed the Silicon diode to detect the x-ray beam incident on the sample during 
the scan, as required. From the Si PIN diode measurements the energy absorbed inside the diamond 
detector can be estimated and the photon flux confirmed.
Before starting the scan of any sample, the sample should be aligned in the optimum position with 
respect to the x-ray beam. This process is performed using a laser pointer, which is mounted in 
front of the beam pipe and can be moved to a position where the laser beam will be identical to the
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x-ray beam. This allows the translation of the sample in the x and y directions whilst keeping the 
laser beam fixed. After ensuring the sample is aligned, the laser source is moved a way allowing 
the x-ray beam to be used. This process allows the scan to start from a point near to the edge of the 
sample.
From a remote control room, a computer program was used to control the mechanical scanning of 
the sample in x-y direction upright to the incident focused x-ray beam. The program allows control 
of the step size of the scan (in this study it changes from 5 pm to -100 pm). The focused beam is 
incident normal to the sample surface through the top contact. Furthermore, the electrical bias and 
the induced photocurrent measurements were achieved remotely. The bias was applied through the 
top contact using a variable bipolar HV (1 kV) source and shielded cables with proper grounding. 
The induced photocurrent signals were measured through the back contact using a Keithley 428 
electrometer, which was integrated into the data acquisition system. The value of the induced 
photocurrent is recorded at different positions from the diamond sample to build-up sensitivity 
maps.
5.4 Alpha spectroscopy
In this work, the alpha response of a single crystal CVD diamond with different contacts will be 
reported. Alpha spectra were acquired and used to measure the energy resolution, charge collection 
efficiency (CCE) and mobility-lifetime (px) product. This was performed using a 3.5 kBq "^*^ Am 
alpha source with a mean energy of 5.49 MeV.
5.4.1 Experimental set-up
The diamond devices were irradiated in a vacuum chamber with alpha particles from the "^^ A^m 
source as shown in figure (5.12). These measurements were performed in the dark, at room 
temperature with pressure less than 10 * mbar. The benefit of performing these measurements in a 
vacuum is to avoid the loss of energy from the alpha particles due to attenuation in air. The devices 
were connected to a charge sensitive preamplifier (ORTEC 142) and the output signal connected to 
a shaping amplifier (ORTEC 570), followed by a multi-channel analyzer (MCA, DSP-spect). 
During the irradiation with alpha particles, a high voltage was applied to the detector via the 
preamplifier as shown in figure (5.12).
The pre-amplifier is disconnected from the detector and directly connected to a 2.31 pf capacitor 
and puiser during the energy calibration. This allows an absolute system calibration of the 
electronics in the system to be performed.
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Figure 5.12: Schematic diagram of the a-spectroscopic set-up for diamond devices 
irradiated by 3.5 kBq ^^'Am a-source of 5.49 MeV.
When each alpha particle enters the impinging diamond device, it loses its energy within the first 
few pm of the diamond bulk material by creating electron-hole pairs during its path. These carriers 
then drift to the electrodes (electrons to the anode and holes to the cathode), under the applied 
voltage. This process generates a charge (Qgen) in the device and at the same time induces a charge 
(Qind) in the external circuit. We assume that the mean energy required to create an e-h pair in 
diamond is 13.2 eV [1, 28, 6 8 ] so for each alpha particle (-5.49 MeV) -4.16x10^ pairs that are 
created in the diamond bulk, a charge of Qge„ ~ 4.16x10'^ xqo [6 8 ] is also created, where q^  is the 
charge of the elementary charge.
Since the range (-15 pm, as calculated by SRIM [17]) of the alpha particle is small compared to 
the thickness (-  500 pm) of the diamond device, we assume that the charge carriers are primarily 
created close to the irradiated electrical contact, i.e. when a negative bias is applied on the top 
contact, only the electrons have to transverse the entire thickness of the device and as such the 
measured signal is due to electron transport only, whilst if a positive bias is applied to the top 
contact, the measured signal is mainly due to hole drift [28, 48].
5.4.2 Detector energy calibration procedure and calculation of the charge 
collection efficiency
To measure the CCE, after recording the alpha spectra at different bias voltages the input of the 
pre-amplifier from the detector is removed and replaced by a Puiser (signal generator) and a 
capacitor of 2.31 pF to the pre-amplifier input. A Puiser calibration for the system set-up is 
obtained as seen in figure (5.13).
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Figure 5.13: Absolute system calibration for Alpha Spectroscopy system
A linear regression was performed on the data to get a linear equation. By applying this equation 
along with the data obtained from the alpha spectra the centroid channel number at each bias will 
be converted to energies (keV).
The CCE at each bias can subsequently be calculated by the ratio between the peak centroid 
location (in keV) and the energy of the a-source (5.49 MeV of Am). Where the charge collection 
efficiency (CCE) is defined as the ratio of the deposited energy in the bulk of the diamond to the 
energy of the incident particle of the diamond surface. As mentioned earlier the CCE of the 
detector can be expressed by the Hecht equation [73]:
, 2
C C E  =
jitV
1 - e x p
By plotting the CCE against bias voltages for both electrons and holes separately, the mobility­
lifetime (pr) product for both electrons and holes can be estimated by fitting the Hecht Equation to 
the obtained data using the Least Square method [1].
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6 Effects of contacts and annealing on dosimetric 
characteristics
The use of diamond in medical dosimetry is limited by the presence of defects in the bulk material 
which affect the detection properties. These defects often act as trapping levels in the band gap of 
diamond. The detrimental effects of these defects originate from reducing the number of electron 
hole pairs available (which form the detector signal) and as a result the charge collection efficiency 
of the detector. Trap levels can be categorized as deep trap levels and shallow trap levels according 
to the temperatures at which they are emptied. However trap levels cannot only exist throughout 
the bulk, but can also be concentrated on the metal-diamond interfaces.
The aim of this chapter is to study the influence of metal-diamond interfaces on the electrical and 
dosimetric characteristics of diamond based solid state radiation detectors before and after 
annealing in order to identify the optimum metal contacts which maximize the performance of the 
device in terms of time response and stability.
For this purpose, three different samples with different metal contacts were fabricated by sputtering 
Pt (labelled HPS-Pt) and Al/Pt (labelled HPS-Al/Pt) onto a high quality CVD and Pt (labelled VS- 
Pt) onto a lower purity single crystal CVD diamond. To examine the performance of the three 
samples as X-ray dosimeters the effect of the changes in bias voltage on the dosimetric 
performance of the three samples was investigated in order to estimate the optimum operating 
voltage for each device. Following this a set of measurements was performed before and after 
annealing of the devices: I-V characteristics, time response such as rise and fall-off times, 
sensitivity and specific sensitivity, signal to noise ratio, photoconductive gain factor, dose rate 
dependence and reproducibility were studied.
Furthermore, the influence of annealing, following fabrication of the devices, on the dosimetric and 
electrical properties is investigated.
6.1 Result and discussion
In the following experiments three detectors were fabricated. As previously stated the sample 
labelled HPS-Pt was fabricated with 120 nm Pt contacts on a high purity single crystal CVD 
diamond sample and the HPS-Pt/Al with 50 nm thick A1 followed by 100 nm thick Pt on a high 
purity single crystal CVD diamond sample. The last sample labelled VS-Pt with 150 nm Pt contacts 
was fabricated on a lower purity single crystal diamond sample.
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6.1.1 I-V characteristics
The electrical properties of the metal-diamond interfaces were characterized by measuring the dark 
current and the X-ray induced current. The irradiated curves were obtained at different dose rates of
5.45 and 26 cGy/min. The results are displayed in figure (6.1.a-c). The bias voltage is applied 
through the top contact and varies from -250 V to +250 V with voltage steps of 2 V.
It is clear from figure (6.1) that in the case of HPS-Pt and HPS-Al/Pt the dark currents are very low 
(below a few pA between -250 V and +250 V) and approximately consistent before and after 
annealing. This yields a high resistance of -2.2x10^“^ (as deduced from the dark current at +220 
V). However, there is a very slight shift in trough location (-10 V) in HPS-Pt as shown in figure 
(6.1.a). In the case of VS-Pt a relatively high dark current is observed, however it is still below 10 
pA at the same bias voltage interval and is approximately equal before and after annealing.
It is also observed that there is a difference between the polarities of the bias in the three samples. 
This trend was also observed by Benedetto et.al. [74] who explained this asymmetry to be due to 
the difference in junction barrier height of the metal-diamond interfaces. Benedetto believed this 
was due the metal deposition process as since it is performed in two steps (top then bottom contact) 
there might be a small chance of variation in deposition conditions.
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Figure 6.1: I-V characteristics of the three diamond samples before and after annealing (a) 
HPS-Pt (b) VS-Pt (c) HPS-Al/Pt both in dark conditions and under different dose rates of
5.45 and 26 cGy/min and (d) the SNR of the HPS-Al/Pt before annealing at three different 
dose rates of 5.45 and 26 cGy/min.
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For all samples, the plots of the photocurrent signal in figure (6.1.a-c) demonstrate that increasing 
the dose rate results in a shift in the curve both before and after annealing to higher currents. For 
HPS-Pt the plots show a symmetrical and stable behaviour before annealing at both positive and 
negative bias. Before annealing the photocurrent is approx. an order of magnitude less for the 
sample exposed to a dose rate of 5.45 cGy/min (~1 nA). Following annealing no change in trough 
location is observed however above a bias of approximately 50 V the photocurrent diverges from 
the previous relationship observed before annealing. At negative bias a slight increase in the 
photocurrent is observed following annealing.
In contrast, the plots of the photocurrent signal prior to annealing in figure (6 . Lb) shows an 
asymmetry (the induced current at positive bias is less than at negative bias) and stable behaviour. 
It also shows a steep rise with increasing bias voltage as well as a positive shift in the curves 
position with increasing dose rate. Following annealing the polarity becomes more symmetrical 
due to the annealing process enhancing the ohmic properties of the contact by reducing the barrier 
height or narrowing the width of the barrier. The high sensitivity of this sample is believed to be 
related to photoconductive gain, this is discussed in section 6.1.4 of this thesis.
As for the HPS-Al/Pt sample, before annealing a relatively low photocurrent is observed at both 
dose rates (5.45 and 26 cGy/min), with a shift in trough location (-30 V) observed at the higher 
dose rates. It should be noted that the minimum value for the photocurrent is in the same order of 
magnitude as the dark current as shown in the plots in figure (6.1.c). Following annealing a large 
increase in photocurrent is observed with a stable relationship observed for positive bias voltages. 
Of particular interest is the fact that no shift in trough location is observed with increasing dose rate 
following annealing. However it should be noted that for a negative bias the photocurrent is 
unstable.
Benedetto et.al [74] also commented that both the asymmetric characteristics and the hysteresis of 
the induced current could be due to a high space charge in the crystal, which reduces the electric 
field and thus the photocurrent. Comparing the 1-V characteristics of the HPS-Al/Pt with those 
published by Benedetto et.al a consistent result is observed. Benedetto et. al observed that the 
induced current was significantly higher with A1 contacts compared to other materials used (i.e. 
Au, Cr/Au and Ti/Au) where each diamond layer was oxidised by isothermal annealing at 500 °C 
for one hour in air. This is consistent with what is observed in figure (6.1.c) where after annealing, 
HPS-Al/Pt showed a higher induced current compared with other metals (i.e. Pt).
One of the main parameters which evaluate the performance of the detector is the signal to noise 
ratio (SNR), as it gives an indication about the stability of the detector. The SNR is calculated as 
the ratio between the steady state current and the steady state dark current.
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From figure (6.1.c) the signal to dark current ratio of the HPS-Al/Pt sample (before annealing) as a 
function of bias voltage at the two different dose rates mentioned before can be calculated and 
plotted, as shown in figure (6 .1 .d). It is clear from the plots that the highest ratios are observed 
around zero volts (-170 at 15.6 cGy/min). As a function of bias voltage in both directions the ratio 
becomes similar. Therefore before annealing it is preferential to use the HPS-Al/Pt sample under a 
small bias voltage, especially at 0 volts and use both HPS-Pt and VS-Pt under 50 V.
In the case of the HPS-Pt sample for all dose rates the SNR decreases as the bias voltage increases, 
due to the increase in dark current being significantly higher than the increase in the photocurrent. 
For VS-Pt prior to annealing, the SNR increases with dose rate, whereas a decrease in SNR 
occurred with increasing bias voltages. However, following the annealing the SNR increases with 
bias voltage, i.e. at a dose rate of 15.6 cGy/min the ratios are measured to be 500, 855 and 1700 at 
25, 50 and 100 V bias voltages respectively.
The HPS-Al/Pt sample prior to annealing displays a current signal even at zero bias, utilizing the 
internal built-in voltage. The highest signal to noise ratio is obtained at 0 V due to the low value of 
the dark current. In other words, under zero bias voltage we get the highest significant difference 
between the photocurrent signal and the dark current. This results are in agreement with those 
reported by Almaviva et al. [6 8 ], who noted that when the increase in the induced current (with 
increasing bias) is lower than the increase in the dark current, a high SNR is observed at zero volts. 
Additionally, the SNR increases with the increase in dose rate for all bias voltages (0, 10 and 50 V) 
however the ratio shows a significant decrease as the bias voltage is increased. It should be noted 
that in the case of HPS-Al/Pt a very low SNR (i.e. <62 even at 26 cGy/min) was observed at 50 V. 
In terms of SNR the optimal bias voltage for that device before annealing is 0 V. However, 
following the annealing process this ratio significantly increased (>1 0 0 0 ) at all dose rates satisfying 
the requirements of IAEA.
The most obvious feature is that all the samples before annealing have the same trend, the SNR 
increasing with increasing dose rate and, the SNR decreasing as the bias voltage increased, due to 
the dark current rise being significantly higher than the increase in the photocurrent. After 
annealing the two HPS show the same trend whilst VS-Pt shows an increase in the SNR as the bias 
voltage increases.
6.1.2 Pulse shape characterization
The aim of this experiment is to investigate the influence of bias voltage for the three different 
diamond samples, in terms of rise and fall-off times, the highest signal to noise ratio and stability. 
Figure (6.2) shows the current signals in the three samples at different dose rates and at different 
positive bias voltages of 25, 50, 100 and 150 V for HPS-Pt, 25, 50 and 100 V for VS-Pt and zero, 
10 and 50 V for HPS-Al/Pt. As described before the rise time, is the time between 10% and 90% of
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steady state current and similarly, the fall-off time is the time between 90% and 10% of the steady 
state current (see fig 6.3). It is important to note that part of the measured rise and fall-off times 
comes from the time needed for the X-ray tube to build up to the required current for achieving a 
steady state. However, the other part of this time is dominated by the release of carriers trapped 
within the defect levels at room temperature. This gives the impression that the actual response 
time is indeed faster than what is calculated. A fast detector response time leads to the ability to 
detect any sudden changes in the x-ray beam intensity.
It is observed in figure (6.2.a) that HPS-Pt shows a slight increase in photocurrent after annealing 
consistent with figure (6.1). Prior to annealing a stable photocurrent is observed, however, a slight 
decrease in stability is observed following the annealing process.
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Figure 6.2: Current signals for the three samples (a) HPS-Pt (b) VS-Pt (c) HPS-Al/Pt at 
different dose rates of 5.4, 10.4, 15.6, 20.7 and 26 cGy/min before and after annealing at 
50 V bias voltages.
In the case of 5.45 cGy/min irradiation the overshoot observed prior to annealing at all bias 
voltages is no longer present following the annealing process. As seen in figure (6.2.a inset) at a 
dose rate of 5.45 cGy/min an increase in photocurrent but decrease in overshoot is observed with 
increasing bias voltage. Another observation at this dose rate is that for all bias voltages the rise 
time is faster than that at higher dose rates. This gives the impression that the fast rise time at these 
dose rates is an artefact of the overshoot phenomena. The calculated rise time of the time difference
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between 10% and 90% amplitude appears short, if an overshoot is present, but does not reflect the 
time needed to reach nearly stabilised conditions in this case. However, an increase in the bias 
voltage leads to an increase in the rise time as shown by the first data points of figure (6.3). At 
higher dose rates, the rise and fall-off times before and after annealing generally revolve around 3 
seconds as shown in figure (6.3), which compares to a tube switch on time of 1.1 seconds. It should 
be noted that any instability in the photocurrent after annealing will not be reflected in the rise time 
measurements. This is because the instability occurred at greater than 90% of the steady state 
current and as such is not taken into account when calculating the rise time. However, it should be 
noted that this instability is relatively small.
Additionally an overshoot is observed for HPS-Al/Pt (figure 6.2.c). Magnifying the first current 
signal before annealing (during irradiation with a dose rate of 5.4 cGy/min) as seen in the inset of 
figure 6.2.C we gain information on the overshoot with the shape of the first current pulse 
illustrating the evolution of the transient response signal. Irradiating the sample following a period 
of time (few minutes) where the sample is left at room temperature with no irradiation will lead to 
an overshoot phenomena; i.e. the current reached - 9 2  pA (HPS-Al/Pt) which remained stable with 
time after a sharp and prompt rise in the current at the beginning of irradiation as shown in figure 
(6.2.c). After the initial rise, the current decays until it returns to an equilibrium state. During the 
decay, the charge carriers created in the material by irradiation, move through the device under the 
effect of the applied bias voltage. The negative and positive charged carriers can be trapped in 
shallow levels close to the anode and cathode respectively. This accumulation of charges forms an 
internal electric field which opposes the applied external field, lowering the overall resultant field 
and as a consequence lowers the current. This decay takes a few seconds to reach the equilibrium 
current when equilibrium between trapping and thermal detrapping occurs. When the sample is left 
un-irradiated at room temperature the trapped negative and positive charge carriers vanish 
progressively, increasing the electric field, resulting in the highest transient current. As more time 
passes without the sample being irradiated more trapped carriers vanish leading to an increase in 
the overshoot [5,7].
The observed overshoot can be attributed to the presence of shallow trapping levels, which 
originate from defects present (after deposition Al/Pt on diamond) at the metal-diamond interface 
as previously observed by Bergonzo et al, [47] for CVD diamond. This is also consistent with 
previous reports by Schirru et al, [34], who believed that the observed overshoot for CVD diamond 
is related to the presence of a low temperature peak at -370 K observed in thermoluminescence 
experiments. In another report [35] he reported a high density of trapping states at the metal- 
diamond interface after evaporating Au on a HPHT diamond sample.
Since it is believed that the overshoot is related to the existence of shallow trapping levels, it could 
be possible to remove this effect by annealing the device (as reported by Guerrero et al [75]). This 
is supported by the obtained results, with no signs of the overshoot observed following the
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annealing of sample HPS-Al/Pt. In addition as previously stated an increase in equilibrium current 
is observed following annealing.
This observation suggests that prior to annealing the current signal, (which include an overshoot) 
do not reflect the ideal signal but express the equilibrium current since as the bias increases the 
photocurrent does not increase. Gain does not seem to be possible which is either due to no charge 
injection or an-equilibrium of electron and hole concentration.
As seen in figure (6.2.c inset) increasing the bias voltage of the HPS-Al/Pt irradiated at 5.45 
cGy/min leads to an increase in the magnitude of the overshoot. However a slight change in 
photocurrent is seen with increasing bias voltage.
In figure (6.2.c) a significant increase (-240 times higher) in photocurrent is observed following 
annealing. At a dose rate of 5.45 cGy/min a high overshoot is observed prior to annealing. 
Following annealing the overshoot is no longer present.
As observed in figure (6.2.b) of VS-Pt, the time taken for the photocurrent to reach its steady state 
before annealing is higher than after annealing. Additionally, in both cases the instability becomes 
much higher as the bias increases especially at 100 V or above.
During irradiation the time-dependence of the increased current in sample VS-Pt could be related to 
the priming effect. This is defined as the pre-irradiation dose which is required to fill the deep and 
shallow trap levels to make the device current reach stability [75].
The priming effect can be explained, as described before in section 3.3.9, as follows:
When the sample is irradiated for the first time, the trapping levels which were empty begin to fill 
by capturing the charges carriers formed in the material as a result of irradiation. This leads to a 
reduction in the charge collection efficiency of the device because the ratio of the number of 
collected charges to the number of produced electron hole pairs is reduced. The trap levels begin to 
saturate with charge carriers with irradiation time and as such the probability of capturing more 
charge carriers is reduced. As a result the efficiency of the detector improves. As such to get a 
reasonable efficiency from the device, it must be exposed to a pre-irradiation dose first before any 
measurements [1 2 ].
But the situation here is more complex since pre-irradiation of the device was performed and an 
increase in the current with time is still observed. Following pre-irradiation at room temperature, 
the deep traps had been filled and are passivated, however shallow traps are unstable at room 
temperature, because after they are filled following radiation they are continuously releasing charge 
carriers from the trapped levels as a result of thermally stimulated emission. So the device will 
operate after pre-irradiation with completely filled and stable deep trap levels, but on the other hand 
there is a balance between filling and releasing of the charge carriers from the shallow trap levels. 
The same observation was reported in a previous article by Schirru et al, [35] in their case a pre­
irradiation dose was provided by ^°Co y-rays of -10 Gy to a CVD diamond (with 930 pm thickness
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contains a very low amount of nitrogen impurities) device. They found that the continuous increase 
in the current with the time (slow time response) was not as expected for an obtained steady state 
current following a pre-irradiation dose. In addition, thermoluminescence measurements were 
performed and the glow curves showed only deep traps at -520 K. The authors suggested there 
may be shallow trap levels at temperatures less than 325 K, which were not seen due to the limited 
temperature range of the TL reader. Assuming this to be true the shallow traps will not be stable at 
room temperature. Another reason may be the quality of the deposited contact (Pt), but the same 
deposition was also used for the first sample HPS-Pt, which did not lead to a similar result. The 
conclusion is that the priming effect originates from the quality of the diamond and not the contact 
in this case.
Following annealing a reduction in the time needed for priming is observed. This is believed to be 
due to the nitrogen content within the sample which is not present in the other two devices. 
Furthermore, the current signals show the slowest rise and fall-off times as compared with the other 
samples. The fall-off time becomes slower as the bias increases. Following annealing the deviation 
from the steady state currents is still observed however the slowest fall-off time is no longer 
observed, especially when the bias does not exceed 50 V, and becomes approximately equal to the 
other samples (-3 seconds). Furthermore following annealing the high rise time is decreased, 
however it should be noted that this rise time is still higher than that of the other samples (i.e. the 
slowest).
For all bias voltages the rise time generally starts off with a high value before decreasing and then 
more or less stabilising as shown in figure (6.3). At 25 V, the rise and fall-off times approximately 
revolved around 3 seconds. At 50 V, however, there is a slight increase in the rise time whereas -3 
sec fall-off time is still observed. It appeared that as the bias voltage increases, i.e., at 100 V; both 
the rise and fall-off times become slower as the dose rate inereases. Furthermore as the dose rate is 
increased the equilibrium of the current was lost. It is apparent that the pre-irradiation dose that was 
sufficient for allowing the current to reach a steady state at a low dose rate was not enough when 
dealing with higher dose rates. It should be noted that this is contrary to the simple deep trap 
priming model.
The HPS-Al/Pt sample prior to annealing, under zero and 10 V bias, displays a prompt rise and 
fall-off time of approximately 3 seconds in the dose rate interval studied as shown in figure (6.3) 
and figure (6.2.c inset). However when the device operates at 50 V bias the initial rise time is even 
faster than that at lower voltages, this is followed by a longer (-4.5 seconds) stabilisation time than 
that of the lower voltages. The initial fast rise time is related to the very high overshoot observed at 
5.4 cGy/min. The overshoots decrease as the dose rate pulse is repeated. Therefore it is clear that 
there is a significant difference in the performance of that device under zero and 50 V bias in terms 
of the time response.
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Following the annealing process a measurements of rise and fall off times was obtained at the 
optimum bias voltage (50 V). This showed only a slight discrepancy to the values obtained for the 
three samples before annealing.
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Figure 6.3: (a) Rise and (b) fall-off times obtained from the three samples at different 
voltages before and after annealing as a function of dose rates range from 5.4 to 26 cGy/min.
To conclude it is obvious that in terms of stability of the signals the pre-irradiation dose, which is 
applied before usage, is enough for the HPS-Pt and HPS-Al/Pt samples at all biases. The rise and 
fall-off times are approximately independent of the dose rate; this is believed to be due to the 
presence of shallow traps which are in equilibrium between trapping and detrapping. It should be 
noted that VS-Pt follows a similar trend only at a low bias voltage (-25 V).
De Angel is found that the rise time of a CVD diamond sample of thickness 300 pm with Ti-Au 
contact was ranging from 4.5 to 7 sec at a dose rate ranging from 1.5 to 4 Gy/min [2]. The variation 
in the time response has been reported previously in CVD diamond samples as a function of the 
incident x-ray energy [9, 76-79]. The fastest results reported are at low energy [9, 76], (10 keV and
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below) around 100 ms [1, 9, 80, 81]. Similar measurements were performed at high energies (used 
for radiotherapy) [77, 78], above 250 keV, where the rise time is in the order of several seconds. A 
study by Sellin et al. [80] reported a correlation between the rise time and the type of contact. The 
graphitized contact showed both a fast rise time and a fast turn-off time of the signal current.
Figure (6.4) details the evolution of the photocurrent response for the three diamond samples (a) 
before, and (b) after annealing, at 50 V bias voltages as a function of the duration time of x-ray 
irradiation. The duration time of irradiation was performed at 10 sec, 1.0, 2.0 and 5 minutes. All 
current measurements were recorded under a dose rate of 15.4 cGy/min.
Looking at the time response of the HPS-Pt prior to annealing the current signals are coincident and 
share the same slope during the start of the x-ray irradiation. Additionally, a slight overshoot is 
observed during the start of irradiation with stable current however this overshoot amplitude 
decreases as the same experiment is repeated. Following this overshoot a steady photocurrent is 
observed with time. Following annealing this overshoot is no longer observed, however, a slight 
increase in the instability of the photocurrent is observed, as seen in figure (6.4).
In the case of HPS-Al/Pt a significant overshoot is observed, at the beginning of irradiation, prior to 
annealing. These overshoot leads to the measurement of rise time being misleading, where the 
overshoot makes the current signal initially increase very fast. Thus it reaches 90 % of equilibrium 
quickly, after which it does not stabilise, but is followed by a gradual decrease until the equilibrium 
current is reached. Furthermore, a divergence from the steady state is seen at -140 sec (figure
6.4.a). Following annealing the overshoot is yet again removed. Additionally, there is no evidence 
of the previous divergence from the steady state current which leads to a decrease in the 
reproducibility.
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Figure 6.4: Time response of the three samples (a) before annealing and (b) after annealing 
at different durations of x-ray switching on times of 10 sec, 1, 2 and 5 min.
As seen in figure (6.4.a) of VS-Pt a slight difference in the steady state current is observed before 
annealing. Additionally, the current signals show the slowest rise and fall-off times when compared 
with the other samples. Following annealing the divergence in the steady state currents is still
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observed however the slowest fall-off time is no longer observed and is comparable to the other 
samples (~3 seconds). Furthermore the high rise time decreases, however the detector is still slower 
than the other samples. The current results are in a good agreement with Tromson et al. [8 ] who 
interpreted the time dependence and the turn-off time of the natural diamond sample (high quality
Il-a type) to x-rays by linking it to the presence of trap levels activated close to room temperature. 
The presence of trap levels was studied using the thermally stimulated current (TSC) method, 
showing a positive effect on the detection properties of the device once the deep levels are filled, 
however at room temperature once the trap levels are emptied after switching off the x-rays, a 
detrimental effect is observed on the turn-off time of the device.
6.1.3 Dose rate dependence and linearity
The aim of this section is to use the obtained photocurrent signals to investigate the linearity within 
a limited range of dose rates for the three different diamond samples before and after annealing. 
The photocurrent pulses are obtained at different dose rates ranged from 2.7 to 42.8 cGy/min. The 
three samples were pre-irradiated with an x-ray dose of -10 Gy before any measurements. All 
current measurements have been taken with the three samples under a 50 V bias.
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Figure 6.5: Current signals in the three samples (a) HPS-Pt (b) VS-Pt (c) HPS-Al/Pt at 
different dose rates ranging from 2.7 cGy/min to 42.8 cGy/min, as a function of time. The 
measurements were performed under 50V bias voltage.
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As previously mentioned in section (2.6) the linearity is defined as the variation in the current 
signal as a function of the incident dose rate (D) expressed using the Fowler relationship [31].
Figure (6 .6 ) shows the dose rate linearity of the three samples before and after annealing. The 
average current measurements have been taken after waiting 1 minute at each dose rate in order to 
take the near equilibrium current values.
As seen in figure (6 .6 .a) of the HPS-Pt sample an almost linear relationship is observed both before 
and after annealing between the photocurrent and the dose rate. A slight decrease in the A factor is 
observed following annealing from 0.975 to 0.95.
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Figure 6 . 6  Dose rate dependence in the three samples (a) HPS-Pt (b) VS-Pt (c) HPS- 
Al-Pt using a dose rate ranging from 2.7 to 42.8 cGy/min, the data was recorded from 
the previous figure. The measurements were performed under 50 V bias voltages.
As for VS-Pt the resulting “best” fit line before annealing in figure (6 .6 .b) seems to indicate a 
power relationship with an equal exponent (A) of 0.64. This is believed to be due to the slow 
response caused by the priming effect in VS-Pt leading to the collected charge in the sample not 
being proportional to the absorbed dose, especially at small dose values. Another possible reason 
for the non linearity could be due to the gain mechanism. At high dose rates an equilibrium is 
reached between the trapping and detrapping of the specific type of charge carrier in the trapping 
levels which is responsible for the gain. This causes a photocurrent at these high dose rates which is
65
less than the expected -  sub-linear. However, following the annealing process a linear relationship 
is obtained with A equal to approximately 1.014.
As for HPS-Al/Pt, figure (6 .6 .c) shows a non linear relationship before annealing. In contrast to the 
Fowler model, this can not be explained by a low trap density in the sample, because after 
annealing A increases. A possible reason for this behaviour may be the non-ohmic nature of the 
Al/Pt contacts before annealing, which do not fulfil the assumption in the Fowler model (i.e. Ohmic 
contacts must be used otherwise the electrostatic equilibrium forbids charge injection). Another 
possible mechanism which could be responsible for a low A could be the observed overshoot (as 
seen in figure 6 .2 .c) seen at low dose rates, as this results in a value of the photocurrent which is 
lower than expected values. This in turn affects the use of this device as a dosimeter. As previously 
stated this overshoot is believed to be dependent on shallow trapping levels and as such can be 
removed by annealing of the sample leading to a linear relationship between photo current and dose 
rate following the annealing process. This is confirmed in figure (6 .6 .c) where following the 
annealing process an almost linear relationship is observed. As reflected in the A factor which 
increases from 0.66 to 0.97.
The measured values of A, in the three samples metalized after annealing, compare well to typical 
values suggested in the literature (0.86-1.035) [3, 33, 38-40, 82] for PTW natural diamond and 
synthetic SCCVD diamond devices. In other published work [33] A was found to be 0.61 for a 
polycrystalline diamond sample, this sub-linear value is explained by the quality of the material 
and/or large errors in the measured induced current. It is suggested that the origin of this large error 
is the low induced current and a high dark current (very low signal to noise ratio) [33].
6.1.4 Signal amplitude
The sensitivity of the three devices was extracted from the data in the figure (6 .6 ) before and after 
annealing and the values acquired at a bias voltage of 50 V. Comparing the sensitivity parameters 
of the HPS-Pt before and after annealing an increase (13%) in sensitivity is observed following 
annealing (735 and 834 nC Gy'^ before and after annealing respectively). As for VS-Pt, prior to 
annealing the value of the sensitivity was 2725 nC Gy^ (obtained from the linear region of figure 
6 .6 .b 15-26 cGy min'^). However after annealing a significant improvement in linearity is observed 
leading to a sensitivity of a value of 3735 nC Gy"\ The high sensitivity of this sample is assumed to 
be related to the photoconductive gain by the Sensitizing effect as discussed in detail in section
6.1.4. The a-spectroscopy of this sample in section (9.4) showed that a-spectra are only observed 
under a positive bias which suggests that there are a high number electron traps. This supports the 
assumption of the photoconductive gain by Sensitizing effect.
Comparing the sensitivity parameters of the HPS-Al/Pt before and after annealing a significant 
change is observed with a value of only 6.1 nC Gy'* obtained prior to annealing and a value of 
2706 nC Gy"* obtained after annealing. In all cases, the signal current increases after annealing; this
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could be caused by a change in shallow trap level concentrations near the electrode, which control 
space charge build up and charge injection. In case of the aluminium device, a junction is observed 
before annealing, inhibiting charge injection at the electrode interface resulting in low signal 
currents. Annealing seems to remove that barrier and a large increase in signal current is observed. 
As previously mentioned in section (2.6) the specific sensitivity of any detector is defined as the 
detector’s sensitivity divided by its sensitive volume. The sensitive volume of each device is 
calculated by knowing both its contact area and the crystal thickness.
For the three detectors reported here, the specific sensitivities of about 185, 2380 and 600 (nC Gy * 
mm'^) were obtained for the three detectors after annealing, respectively.
PTW natural diamond dosimeters show a specific sensitivity range between 50 and 140 
nC/Gy.mm^ [3, 32-37]. Whereas in CVD diamond detectors the reported values range from a few 
to a few thousand nC/Gy mm^ [3, 33, 38-42]. The increase of the x-ray tube voltage from 100 kV 
to 250 kV in another study showed a decrease in sensitivity from 15 to 2 nC/Gy, this effect is 
attributed to the decrease in energy loss in a diamond device as the x-ray energy increases [44]. The 
comparison shows good agreement between the experimental and published results.
The gain factors of the three devices were measured before and after annealing. The calculated 
values are acquired at a bias voltage and a dose rate of 50 V and 15.6 cGy/min, respectively. The 
results of which are shown in table (6 .1 ).
Device
Bias
voltage
Imeasured
(before
annealing)
W 'Ê Ê Ê
SD
Imeasured
(after
annealing)
Ë Æ M
# m s b Igencraled
Gain factor
Before After 
annealing annealing
HPS-Pt 50 2.05x10-’ 5.95x10-" 2.24x10-’ 2.77x10** 3 .1x10’ 0.66 0.722
VS-Pt 50 1.31x10-® 0.99x10-*° 1.1x10® 0.95x10-*° l . lx lO ’ 11.9 10
HPS-Al-Pt 50 2 .85x10" 1.6x10-*® 7.16x10’ 2.47x10** 3 .1x10’ 0.0096 2.31
Table 6.1: the gain factor of the three devices with irradiation by a dose rate of 15.6 cGy/min 
under bias voltage of 50 V.
The commercial available natural diamond dosimeter is reported with a gain factor of around 0.5 
[11, 34, 36]. Whereas in single crystal CVD diamond detectors, the published value is 0.8 which is 
closer to unity, and has been attributed to the high quality of the sample [34]. In other reports the 
gain factor was calculated to be 0.32 for HPHT synthetic diamond with Ti/Pt/Au contacts. The gain 
factor is not an absolute value for the detector but it depends on the value of the applied bias 
voltage [35]. Gain factors slightly higher than one were observed in other studies for synthetic 
CVD diamond detectors [77]. These higher values are not due to avalanche effects, but the carriers 
are elevated by the applied field and re-injected at the electrodes [77].
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One of the possible mechanisms, which could explain the high carrier lifetime and thus high 
photoconductive gain, is the Sensitizing effect. This effect appears only when a particular type of 
trap exists in the crystal which has the ability to capture only one type of carrier (electron or hole), 
while the other type remains free [35, 83]. When ionizing radiation of energy greater than the band 
gap (5.5 eV) is incident on the diamond crystal, an electron-hole pair is generated (i.e. electrons in 
the conduction band and holes in the valence band). For example, if holes are captured immediately 
in the traps, the corresponding electrons remain free in the conduction band and contribute to the 
conductivity until they recombine with the thermally de-trapped holes, thereby increasing the 
average lifetime of the electrons and thus increasing the photoconductive gain of the device [35, 
83].
Smedley et al. [84] also discussed this possible explanation for the increased response. They argue 
that the increase in the effective lifetime of the holes was due to hole injection from the electrodes 
until the electron is de-trapped through the detector at high electric fields. This can be achieved 
above a threshold electric field, where the value of the hole charge collection length is higher than 
the crystal thickness [84].
Therefore the increase in the measured current under a given irradiation depends not only on the 
increase in the average lifetime of the electrons but also on applied field strength.
A very high photoconductive gain was described before by authors in previous reports with values 
from 6x10'* to 10^  [32, 35, 83]. The photoconductive gain of a single crystal CVD diamond, grown 
by Element Six Ltd (UK), used for X-ray dosimetry was investigated by Lohstroh et al. [32]. 
However, it has been found in other reports that a slow fall-off time is accompanied with the high 
photoconductive signal [35, 83].
6.1.5 Reproducibility
In order to investigate the reproducibility, the three samples were irradiated to a test dose rate of 
15.6 cGy/min. The photocurrent signals (averaged over three pulses) were measured at three 
different times (two week intervals) for each sample under the same dose rate and bias voltage. The 
current measurements were performed for the three samples under a bias voltage of 50 V as shown 
in figure (6.7).
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Figure 6.7: Reproducibility of the three samples after annealing
According to the data provided in figure (6.7) and table (6.2) a reasonable reproducibility (<0.5%) 
is observed prior to annealing for both HPS-Pt and HPS-Al/Pt which satisfies the IAEA 
requirement for dosimetric assessments. This is attributed to the stability of the equilibrium current. 
Following the annealing process the reproducibility of the HPS-Pt has significantly deteriorated (~4 
times the value before annealing). This could be due to the deviation from the equilibrium 
photocurrent leading to an increase in the SD, which in turn reduced the reproducibility. In the case 
of the HPS-Al/Pt following annealing a lower (superior) value for the reproducibility was observed 
due to the high stability of the equilibrium currents of this sample as shown in figure (6 .2 .e). 
However the reproducibility in the VS-Pt sample before and after annealing is 0.75 and 0.81 which 
are higher than the reconunended limit of the IAEA. This high percentage originates from the 
instability in the equilibrium photocurrents as shown in figures (6.2.b) and (6.7).
Sample
No. of re­
use
Before annealing
Average Reproducibility 
current (A ) %
Average
current
(A)
After annealing
Reproducibility
■ %
2.04e-9 5.85e-12 0.286 2.25e-9 2 .3 4 e-ll 1.04
2nd 2.04e-9 6.06e-12 0.296 2.22e-9 2 .9 0 e-ll 1.31
HPS-Pt 3rd 2.04e-9 5.59e-12 0.274 2.25e-9 3 .0 9 e-ll 1.36
" s 6.12e-9 1 .75e-ll 0.29 6.72e-9 8 .3 2 e-ll 1.24
1.28e-8 1.49e-10 1.16 1.12e-8 6 .8 7 e-ll 0.613
2nd 1.31e-8 7 .4 7 e-ll 0.569 l . l l e - 8 1.09e-10 0.982
VS-Pt 3rd 1.34e-8 7 .3 8 e-ll 0.55 1.13e-8 9 .5 0 e-ll 0.84
2 1.31e-8 9 .9 0 e-ll 0.75 3.36e-8 2.72e-10 0.81
jst 3 .0 9 e-ll 1.83e-13 0.592 7.18e-9 2 .4 7 e-ll 0.34
2nd 3 .0 9 e-ll 8.64e-14 0.280 7.14e-9 2 .3 4 e-ll 0.33
HPS-Al-Pt 3rd 3 .1 0 e-ll 2.10e-13 0.676 7.15e-9 2 .5 9 e-ll 0.36
2 9 .2 7 e-ll 4.79e-13 0.51 2.15e-8 7 .4 1 e-ll 0.35
Table 6.2: Reproducibility of the three diamond samples under bias of 50 V before and 
after annealing.
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6.2 Summary and Conclusions
Three samples (HPS-Pt, VS-Pt and HPS-Al-Pt) were investigated for their ability to operate as a 
dosimeter (in terms of time response, SNR, linearity, sensitivity and reproducibility) both before 
and after annealing.
Out of the three samples HPS-Pt (before annealing) and HPS-Al/Pt (after annealing) were preferred 
as dosimeters in radiotherapy applications due to the following high electrical and dosimetric 
performances. They showed a combination of low dark currents (a few pA between -250 and +250 
V) and high photocurrent response during irradiation, relatively fast rise and fall-off times (~3 sec), 
and high SNR (>1000). HPS-Al/Pt showed a strong increase in the current amplitude (-240 times 
the value before annealing) this is believed to be attributed to annealing which results in a change 
in the space charge distribution of the devices leading to enhanced charge carrier injection at the 
electrode diamond interface. Furthermore the stability is improved as a high overshoot (linked to 
the presence of shallow trapping levels) is totally removed after annealing. The photocurrent only 
weakly depends on the dose rate (A ~ 0.975 and 0.97 respectively), high sensitivity and hence 
specific sensitivity (185 and 600 nC/Gy.mm^ respeetively are achieved compared to values of 
commercial natural diamond). Finally the high stability and reproducibility are 0.286 and 0.345 %, 
fulfilling the IAEA requirements-below 0.5%).
Compared to HPS-Pt and HPS-Al-Pt, VS-Pt showed a relatively high dark current (< 10 pA). Prior 
to annealing VS-Pt showed an increase in SNR with dose rate and decrease with bias as seen in the 
other two samples. However, following the annealing process the SNR was seen to increase with 
bias. A greater divergence from the steady state current was observed before annealing (due to the 
priming effect which has been linked to the presence of shallow trapping levels, with low 
temperature peaks, whether from the electrical contacts or the nature of the diamond bulk), with the 
instability increasing as the bias increases above lOOV. Both before and after annealing VS-Pt 
demonstrated the slowest rise time of the three samples. Prior to annealing a power relationship 
with an equal exponent (A) of 0.64 was obtained with a sensitivity of 2725 nC Gy \  However, 
following the annealing process a linear relationship was obtained with A -  1.014 and a sensitivity 
value of 3735 nC Gy \  This high sensitivity observed with VS-Pt is assumed to be related to the 
high photoconductive gain. The reproducibility in the VS-Pt sample before and after annealing is 
0.75 and 0.81 % which is slightly higher than the recommended limit of the IAEA.
As previously stated these results confirm the potential use of HPS-Pt (before annealing) and HPS- 
Al/Pt (after annealing) as preferred X-ray dosimeters.
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7 Mapping of single crystal diamond
7.1 X-ray mapping at the University of Surrey
7.1.1 Preparation of VS-Ti/Au sample
The sample used in the experiment is termed the VS-Ti/Au sample. This CVD grown sample was 
chosen due to the presence of thin nitrogen layers (which can be observed by x-ray mapping) at 
varying distances from the substrate material deliberately introduced into the growth reactor at 
several stages of the growth process. It has dimensions of 2.45x3.0 mm^ x 490 pm (thickness) with 
two metal carbide ohmic contacts on both sides. As mentioned previously the sample was cleaned 
in aqua regia, de-ionized water, acetone and isopropanol in a fume cupboard. After cleaning it was 
ready for evaporation. An Edward evaporation instrument was used for this contacting. Titanium 
(Ti) of thickness 50 nm and Gold (Au) of thickness 100 nm are deposited on both sides of the VS- 
Ti/Au sample using the thermal evaporation technique along with a shadow mask. After covering 
the diamond sample by Titanium and Gold, the whole sample was annealed at 400 °C for 20 
minutes to form a carbide on the diamond interface [85-87]. This ensures that the contact shows 
ohmic behaviour [85, 87].
The sample was mounted using silver paste on a square (2.5x2.5 cm ;^ 1 mm thick) ceramic 
substrate over a central hole with 2.5 mm diameter, which allows the monitoring of the X-ray beam 
intensity in transition geometry behind the sample. The wire bond was fixed on the top contact of 
the device using silver paint and the other end was connected to a separate copper pad on the top 
layer of the ceramic substrate.
I DiâlûC'àtlOllilüéc d iç ç  Q t  t h e  a i s i i î i o i î d
Figure  7.1: (a) Photograph of the top view of the diamond sample (VS-Ti/Au) (b) 
Luminescence image of the sample which was provided by Element Six Ltd prior to a metal 
contact been deposited [8 8 ].
The sample was then used to perform measurements in the University of Surrey. All current 
measurements (using a Keithley electrometer) were performed by irradiation with an X-ray tube
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voltage of 100 kV and 'with a focus spot diameter ~ 530 pm. Figure (7.1.a) shows a top view of the 
contacted diamond sample. The dotted line on the sample shows the outline of the wire bond, the 
dashed line shows the outline of the contact area, the solid line shows the edges of the diamond 
sample.
Figure (7.1.b) shows another top view of the diamond sample. This luminescence image was 
provided by Element Six Ltd prior to a metal contact being deposited [8 8 ]. The luminescence 
image, a DiamondView image, was acquired using short wave (<227 nm wavelength) ultraviolet 
emissions from xenon lamps to excite near surface luminescence from diamond samples as 
reported by Lohstroh et al. [32, 48]. The dashed, dotted and solid lines represent as before the 
eontact area, the wire bond outline and the sample edge respectively. The light blue area of the 
bottom of the sample corresponds to the substrate area of the chemical vapour deposition (CVD) 
diamond growth. Additionally, the horizontal yellow lines represent nitrogen-doped areas, which 
had been introduced on purpose into a small part of the detector. The shallow trap concentration is 
affected by nitrogen levels in diamond; those with a higher nitrogen concentration usually have a 
lower shallow trap concentration than those synthesized with lower nitrogen levels [89]. Finally, 
the vertical blue shadows represent dislocation lines.
7.1.2 Mapping as a function of bias voltage
The aim of this experiment is to study sensitivity maps in the VS-Ti/Au diamond sample using a 
focused x-ray beam as a function of the bias voltage.
After obtaining the focused x-ray beam as mentioned before (in section 5.3.1.1), the diamond 
sample was moved perpendicularly to the focused x-ray beam by using a Labview program with 
600 pm step displacement and a pixel dwell time of two minutes at each point. In addition, the 
Labview program gives a total accessible scan area that covers the whole sample as shown in figure
(5.2) and figure (5.3). The scan step in both directions is larger than the diameter of the focused x- 
ray beam. All measurements were performed at 100 kV tube voltage and 15 mA tube eurrent. The 
induced current in the diamond detector, is obtained as a function of the interaction position of the 
focused x-ray beam. The results are visualised in 3 D bar chart maps as shown in figure (7.2). Each 
bar in the 3 D Bar chart maps represents a measurement of a point at a distance of 600 pm from the 
following one. A combination of these bars provides an image of the photocurrent (sensitivity 
map).
Figure (7.2) shows the sensitivity maps through the diamond sample at different bias voltages 
ranging from 100 to 200 V. It is clear that the majority of the points in the diamond sample have 
different values of sensitivity depending upon the beam position at which the interaction occurs. In 
addition, the results show that the increase in the photocurrent with bias voltage is not linear. For 
example, some points exhibit higher sensitivity with bias voltage and in some other points the 
sensitivity hardly increases. In the case of symmetric ohmic carbide contacts, the reduction in the
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transit time of the charge carriers to a value lower than the life time (x) could be responsible for the 
high sensitivity at some of the points under a high electric field [32]. The limitation in sensitivity in 
some points of the diamond sample could be explained by certain regions in the crystal reaching 
the charge carriers saturation velocity (which in this case corresponds to an electric field >4.1 
kV/cm). In a previous report by Bergonzo et al [63] the sensitivity maps of polycrystalline CVD 
diamond showed that the saturated velocity is reached at some points with an electric field > 1 0  
kV/cm.
At high bias voltage, 200 V, some points exhibit a reduction in their sensitivity, which could be the 
result of charge build-up in the diamond sample, as shown in figure (7.2.d). In other words, during 
the mapping at high bias voltage, some of the charge carriers created in the diamond sample has 
been trapped in shallow levels; electrons close to the anode (positive electrode) and holes close to 
the cathode (negative electrode). These charges form an internal field that counteracts the external 
electric field and consequently reduces the device response. It should be noted that the relationship 
between the sensitivity of the points in the diamond sample as a funetion of bias agrees with 
previous results published by Bergonzo et al. [63-65]. The main difference in the values of the 
signal current is believed to be attributed to the difference in the spot diameter and photon flux of 
the focused x-ray beam used by Bergonzo (-10® photons per second) and the University of Surrey.
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Figure 7.2: X-ray sensitivity maps in the VS-Ti/Au sample (a) at 100 V (b) at 130 V (c) at 
160 V (d) at 200 V. The measurements were performed at 100 kV tube voltage in a 3x3 mm  ^
area using 600 pm step displacement.
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7.1.3 Characteristics of the points
7.1.3.1 Pulse shapes
7.1.3.1.1 Photocurrent pulse shapes under varying bias voltage at different points
The aim of this experiment is to compare between the photocurrent pulse shapes at different points 
(positions) in the VS-Ti/Au sample under varying bias voltage as a function of time as shown in 
figure (7.3). These point locations are identified by their (x,y) coordinates on the diamond sample 
as shown in figure (7.1.a). The applied bias voltages were 100, 130 and 160 V (since a bias of > 50 
V is needed due to the low signal from focused x-ray beam and < 200 V to ensure saturation 
velocity is not reached as no change in photocurrent will be observed above this voltage). 
Additionally, table (7.1) displays photocurrent of different points in the VS-Ti/Au sample under 
130 V bias voltages.
P oin t 1 ( 3 : 2 ) M # # ::(4,2)i:i:i:ii:;: i(5,2)iii:i:::i:i:; (6,2)
P h o to cu rren t (A) 8 .5x10 '® 4.5  X lO'S 7 .8  X 10 ® 1 .8  X 10'® l . l x  10 ®
P oin t W ) (4,3) I 2 ; 3 ) : i i i i : i (1 ,3)
P h o tocu rren t (A) 8.3 X 10'® 5.7  X lO'G 4 .2  X 10"* 3.8  X 10'^ 1.4 X 10®
P o in t (2 ,4 ) (3,4) ::(4,4):iiM:;:i:: ::(5,4)::iiii!i::i (6 ,4)
P h o tocu rren t (A) 8.7 X 10 ® L 6 x l O * 1.35 X 10'^ 1.35 X 10'* 1.5 X 10®
P o in t 1(5,5 ) > - ^ ;(4,5)iii:::i Ml,:; ( 3 , 5 ) 1 1 7  ii::i: :::(2,5):i:iiii::::i (1 ,5)
P h oto cu rren t (A ) 3.8  X 10 ® 5.1 X 10® 5.1 X 10® 2.5  X 10 ® 8.5 X 10'^®
Table 7.1: Photocurrent of different points in the CVD diamond sample under 130 V bias 
voltage.
The coordinates refer to the positions indicated in figure (7.1). Row 1: Generally, a low current is 
accompanied by a slow rise time. This can be explained by the nitrogen-doped area (c) affecting all 
points. Also, it could be caused by the only partial coverage of the sample by the contact. Point
(4,2) shows a lower current when compared with point (3,2), as the former has a dislocation line 
passing through it resulting in this lower current. This leads to the suggestion that dislocation lines 
and nitrogen doping decreases the charge collection efficiency (CCE) which ultimately decreases 
the current as supported by [48].
Row 2: All points except point (1,3) show a high photocurrent value when compared with points 
from other rows. These points are situated under the contact area which means they are subjected to 
a high electric field. Another observation is the increase in current and a decrease in the rise time 
with an increase in the bias voltage. An exception to the previous observations is point (5,3). A 
possible explanation is that it is partially located outside the contact area, i.e. it is subjected to a 
lower electric field. The points (3,3) and (4,3) have the highest current in the diamond sample, 
which is the reason why they have been studied more extensive; this will be discussed at a later
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stage. However the lower current at point (3,3) compared to that at point (4,3) could be due to its 
location on a dislocation line, which point (4,3) is free from.
The last point on the row (2,3) has a lower current than (3,3) and (4,3). While it is still in the 
contact area it is subjected to both a dislocation line as well as being partially covered with the 
silver paste used to fix the wire bond as shown in figure (7.1.a). This will result in a portion of the 
x-ray beam incident on the silver paste being attenuated before reaching the diamond surface.
Row 3: It is generally noted that there is a decrease in the current values of points in this row when 
compared to the points in the row above it; as it is being partially covered by the substrate area and 
a nitrogen doped area (A). Points (4,4) and (5,4) have approximately the same the current value and 
rise time as they are both on dislocation lines. The point (3,4) has the highest current in this row as 
it is clear of any dislocation lines.
Row 4: has the lowest current when compared to all the previous rows that is explained by its 
position on a substrate area. The low current may be related to the decrease in the CCE in this area 
as previously mentioned; however, there is a fast rise time in the associated points. This is believed 
to be attributed to ‘multiple trapping’ of the charge carriers (i.e. when a charge carrier is released 
from a trap it is quickly trapped by another trap) as explained further in the next chapter.
Generally, figure (7.3) showed that some of the points sharing the same photocurrent pulse shapes 
were actually different in their current amplitude. High current, fast rise time and fast turn-off time 
are found at the points that are situated in the centre of the contact area, a long stabilisation time, a 
slow turn-off time and a low current for the points located outside or on the edge of the contact 
area. An exception are the points situated in the bottom part (substrate area) which exhibit fast rise 
times.
To summarise the observations above it is believed that there is a decrease of CCE in areas with 
nitrogen doping or at dislocation lines and in the substrate area; this decrease could be associated to 
the decrease of the electric field, or the decrease of the mobility-lifetime product in these areas. In 
other words, the velocity of the charge carriers may not be constant throughout the whole sample 
due to the change in the charge carriers mobility or electric field. On the other hand the CCE 
increases in the area between the nitrogen doped areas (A) and (B) under the contact These results 
are in accord with previous results by Lohstroh et al. [48, 51].
Two points were chosen, representing the most of the different photocurrent shapes, to be 
investigated in more detail for their electrical and detection characteristics such as: Current-voltage 
characteristics. Pulse shape and 10 % to 90 % Rise time and effect of varying duration of X-ray 
switching off time on the photocurrent response.
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Figure 7.3: Pulse shapes of different points in the VS-Ti/Au sample at different bias voltages, 
100, 130 and 160 V. The measurements were performed at x-ray tube current and tube voltage 
of 15 mA and 100 kV, respectively.
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These points have the symbols (3,3 - centre) and (4,2 - on the edge) which are the (x,y) locations of 
the points on the diamond sample as shown in figure (7.1). This allows a comparison to be drawn 
by a point on the contact and a point on the edge of a contact where more defects are believed to be 
present. Furthermore it is believed that a lower current will be observed at the edge of the contact 
due to the ‘field effect’ (non-uniform / bending of the electric field at the edge of a contact).
7.1.3.1.2 Pulse shape an d  10 % to  9 0 %  R ise tim e
This section discusses the photocurrent pulse shapes for the points (3,3) and (4,2) in the CVD 
diamond sample using different x-ray tube currents of 1, 5, 10, 15, 20, 25 and 29.5 mA which 
covers a dose rate range between 11.5 pGy/min to 2.8 mGy/min. All current measurements were 
taken using a Keithley electrometer at x-ray tube voltage and bias voltage of 100 kV and 130 V 
respectively.
Figure (7.4.a) shows clearly that the photocurrent in point (3,3) increases with the increase in the x- 
ray tube current, due to the increase in the electron hole pairs created with the increase in the dose 
rate. Fowler found that the current increase is depended on the ratio between the recombination 
time and transit time; where the recombination time depends on the purity of the crystal. If there is 
a high concentration of impurities in the crystal leading to a high number of electrons in traps then 
this leads into an increase of concentration vacant holes. There is an inversely proportional 
relationship between the number of vacant holes and the recombination time; the decrease of the 
recombination time leads to a less prominent signal [31, 36]. An increase in the signal current 
within the CVD diamond sample with increasing incident dose rate, can be attributed to the filling 
of deep traps, which in turn decreases the number of free traps and consequently increases the 
signal amplitude [51].
When comparing figures (7.4.b) and (7.5.b), one can see that the rise time (xio %. % %) is very short 
relative to other points in the diamond sample. It is approximately constant at 5 seconds in the 
range from 1 to 10 mA as shown in figure (7.4.b). Above 10 mA, the rise time (xio%-9 o%) increases 
linearly with the increase in the x-ray tube current.
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Figure 7.4: (a) photocurrent pulse shapes and (b) rise time obtained from point (3, 3) in the 
VS-Ti/Au sample at different x-ray tube currents ranged from 1 to 30 mA. The measurements 
were performed at tube voltage and bias voltage of 100 kV and 130 V, respectively.
A part of the rise time depends on the time needed for the x-ray tube to reach the required anode 
current for achieving a steady state. In addition, the rise time at this point is approximately similar 
to that found in a Si PIN diode at low tube currents which gives the impression that the rise time 
originates from the time needed by the tube to build up to the full x-ray intensity. However, the 
majority of this time is dominated by the priming effects and thermal detrapping of shallow level 
defects. De Angelis found that the rise time of a CVD diamond sample of thickness 300 pm with 
Ti-Au contact was ranging from 4.5 to 7 sec at dose rate ranging from 1.5 to 4 Gy/min [2].
This experiment was performed at a range of dose rates starting from a high tube current (29.5 mA) 
to a lower tube current (1 mA). When irradiated with a high dose rate a larger rise time was 
observed due to the filling of the deep and shallow traps. When this experiment is repeated at a 
lower dose rate, the rate of deep and shallow trap ‘filling’ decreases and the number of shallow 
traps which ‘de-trap’ increases, resulting in a lower rise time. This continues until all the deeps are 
filled and the rate of shallow trap ‘filling’ and ‘de-trapping’ becomes equal i.e. equilibrium is 
reached. This results in an approximately constant rise time as seen between 1 -1 0  mA.
Furthermore, it is clear from figure (7.4.a) that the turn-off time is fast and the signal returns 
quickly to the dark current level after switching off the x-ray tube. This behaviour is advantageous 
as it leads to a linear response as a function of dose rate as well as reflecting any sudden changes in 
the x-ray beam.
The variation in the time response has been reported previously in CVD diamond samples as a 
function of the incident x-ray energy [9, 76-79] where the fastest results reported were at low 
energy [9, 76], 10 keV and below and are around 100 msec [1, 9, 80, 81]. Similar measurements 
were performed at high energies (used for radiotherapy) [77, 78], at energies higher than 250 keV, 
where the rise time is in the order of several seconds. The study by Sellin et ah [80] reported a 
correlation between the rise time and the type of contact. The graphitized contact shows both a fast
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rise time and a fast turn-off time of the signal current compared to a sample with Cr/Au metal 
contacts with metal thickness of 50/200 nm.
Figure (7.5.a) shows the change in photocurrent with changes in X-ray dose rate for point (4,2 - 
edge of contact). It is clear that the increase in photocurrent at high dose rate is more than the 
expected values from a linear extrapolation of the lower dose rate response and the equilibrium of 
the current is lost at high dose rates. In addition, what can be seen in figure (7.5.a) is that the rise 
time (tio%-9o%), was observed at the start of the experiment to be long (several minutes) with the 
smallest tube current (5 mA). With an increase in the tube current, the rise time is shown to 
decrease; this continues until the tube current reaches 15 mA as shown in figure (7.5.b). Increasing 
the tube current over this value results in an increase in the rise time.
It is important to note that at tube currents 25 and 30 mA the rise time recorded is lower than its 
actual value, because the currents at these two points did not reach the stabilisation current in our 
experiment (13 minutes x-ray on). This is due to restrictions in the total x-ray tube operation time 
due to overheating of the system.
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Figure 7.5: (a) photocurrent pulse shapes and (b) rise time obtained from point (4, 2) in the 
VS-Ti/Au sample at different tube currents ranged from 0.5 to 30 mA. The measurements were 
performed at tube voltage and bias voltage of 100 kV and 130 V, respectively.
The increase in the instability of the current signal as the dose rate is increased could be due to the 
process of capturing and releasing of carriers from traps during irradiation, this might be resulting 
from the high concentration of defects at this point. This could also increase the polarization effect 
leading to a decrease in the charge carriers' drift length; which in turn would explain the decrease 
in sensitivity at this point.
It is obvious that the point (4,2) follows a similar shape to that of (3,3) (approximately constant 
near the beginning followed by a rapid increase); however there is an obvious shift in the value of 
the rise time at the former point, which means that the concentration of defects at this point is much 
higher than that of (3,3). This inhomogeneous distribution of defects in the crystal could be the 
result of the bulk material synthesis.
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The problem of the instability of the response was tackled in literature by treatment with a high 
fluence of neutron irradiation (at a dose of -50 Gy) which enhanced the dosimetric characteristics, 
in terms of stability and time response, of the device. It is believed that this irradiation induced 
recombination centres and deep traps in its bulk, which partially compensate the native shallow 
traps responsible for pumping which are active at room temperature [2 ].
7.1.3.2 The effect of varying duration of x-ray switching off time
This section shows the effect of varying duration of the x-ray switching-off time (red) in the CVD 
diamond sample for the two points (3,3) and (4,2), at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4 minutes. 
For these points the photocurrent extracted as the difference between the measured current under x- 
ray irradiation and the dark current (taken at the end of each pulse) was studied. All current 
measurements have been taken at a fixed x-ray tube voltage and bias voltage, 100 kV and 130 V, 
respectively. A tube current of 15 mA was chosen for point (3,3) whilst a higher value of 30 mA 
was chosen for point (4,2) due to the high dark current at this point leading to a low signal to noise 
ratio.
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Figure 7.6: (a) Pulse shapes during irradiation with anode current of 15 mA and (b) the 
photocurrent as the difference between the measured current and the dark current for point (3,
3) in the VS-Ti/Au sample at different switching off times ranged from 0.5 to 4 minutes.
The plots in figure (7.6) and (7.7) illustrate that the shorter the un-irradiated time the larger the new 
baseline value starting position due to the remaining persistent current. This increase is 
compensated when the X-rays are switched on. It is clear from figures (7.6.b) and (7.7.b) that the 
resultant difference current (the difference between the measured current and the dark current) has 
no significant change.
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Figure 7.7: (a) Pulse shapes during irradiation with anode current of 30 mA and (b) the 
photocurrent as the difference between the measured current and the dark current for point (4,
2) in the VS-Ti/Au sample at different switching off times ranged from 0.5 to 2 minutes.
Zooming in on the first current pulse during irradiation in figure (7.7.a) we gain information on the 
overshoot (transient current); the shape of the first current pulse illustrates the different regimes in 
the establishment of the transient response signal. An irradiation following a lack of one for a few 
minutes where the sample is left at room temperature will lead to a sharp and prompt rise in the 
signal current at the beginning of irradiation as explained in chapter 6 . The observed overshoot can 
be attributed to the presence of shallow trapping levels in defects (such defects can originate from 
both defects presented in the diamond bulk and also from the electrical contact-diamond interface) 
as previously observed by Bergonzo et al, [47] for CVD diamond.
After the rise, the current decays progressively until its return to an equilibrium state. During the 
decay, the charge carrier’s move through the device under the effect of the applied bias voltage, 
where the negative and positive charged carriers are trapped in the shallow levels close to the anode 
and cathode respectively. This accumulation of charges forms an internal electric field lowering the 
external field and consequently lowering the current. This decay takes a few seconds to stabilise. 
The overshoot process takes place when the sample is left un-irradiated at room temperature 
leading to the trapped negatively and positively charged carriers to vanish progressively, increasing 
the electric field, and resulting in the highest transient current. As more time passes without the 
sample being radiated more trapped carriers vanish leading to an increase of the initial sharp 
transient current [5, 7].
7.1.4 Summary and Conclusions
Sensitivity maps taken through the diamond sample at different biases ranging from 100 to 200 V 
showed that majority of the points in the diamond sample have different values of sensitivity 
depending upon the interaction position. The increase in the photocurrent with bias is not linear 
(i.e. some points exhibit a higher sensitivity with bias and in some other points the sensitivity
82
hardly increases). The limitation in sensitivity in some points of the diamond sample could be 
explained by certain regions in the crystal reaching the charge carrier saturation velocity (which in 
this case corresponds to an electric field >4.1 kV/cm). At a high bias voltage of 200 V, some 
points exhibited a reduction in their sensitivity, which could be the result of charge build-up.
There is potentially a decrease in CCE, which ultimately decreases the current, in the areas with 
nitrogen doping or at dislocation lines and substrate areas as supported by literature [48]; this 
decrease can be associated to the decrease in the electric field, or the decrease of the mobility­
lifetime product in these areas. A high current, fast rise time and fast turn-off time were observed at 
points situated in the contact area. A long stabilisation time, a slow turn-off time and a low current 
for the points located outside the contact area were seen. An exception to this are the points situated 
in the bottom part (substrate area) which exhibit a fast rise time which could be attributed to 
‘multiple trapping’ of the charge carriers (i.e. when a charge carrier is released from a trap it is 
quickly trapped by another trap).
The current pulse at point (3,3 -  centre of contact) took time (~5 sec at 10 mA) before it returned to 
a stable state; the rise time is approximately constant at a dose rate less than 0.93 mGy/min (or 10 
mA). After 10 mA the rise time increased linearly with the increase in X-ray tube current. The rise 
time at this point was approximately similar to that of the Si PIN diode at low tube currents which 
gives the impression that the rise time at least partially comes from the switching time of the x-ray 
tube. In addition, point (4,2 - on the edge of a contact) follows a similar shape to that of (3,3) 
(approximately constant near the beginning followed by a rapid increase); however there is an 
obvious shift in the value of the rise time which indicates that either the concentration of defects at 
this point is much higher than that of point (3,3) or a weaker electric field is present at the edge of 
the contact due to the field effect.
The shorter the un-irradiated time the larger the new baseline value starting position due to the 
remaining persistent current. This increase is compensated when the X-rays are switched on. 
However, there is no significant difference in the photocurrent with the changing in switching off 
time.
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7.2 National Synchrotron Light Source (NSLS) Microbeam
Due to the limitations of the University of Surrey x-ray sensitivity mapping system the thin 
nitrogen lines (produced during the growth process) present within the diamond sample could not 
be readily resolved. As such further measurements were conducted at the National Synchrotron 
Light Source (NSLS at Brookhaven Lab.) and Diamond Light Source (DLS) in order to obtain 
highly resolution images of the nitrogen lines within the sample. These synchrotrons were chosen 
due to there low beam size of 25 and 4 pm respectively.
7.2.1 Preparation of the sample (VS-Pt)
Following the measurements undertaken at the University of Surrey x-ray laboratory VS-Ti/Au was 
sent to Element Six Ltd for reprocessing and polishing in order to remove the Ti/Au contact. 
Approximately 2 pm was removed from the single crystal to ensure both the contact and any 
regions of the crystal which may have been affected by the deposition process were no longer 
present. New contacts were deposited on the crystal by the University of Surrey as described 
below:
Figure 7.8: (a) Photograph of the planar Pt/Diamond/Pt sample, VS-Pt.
The single crystal CVD diamond (2.45x3.0 mm^, 0.49 mm thick) used in the NSLS experiment 
was named VS-Pt. It was metalized with a platinum rectangular pattern, situated on the centre of 
the diamond (as shown in figure 7.8) on both sides using a shadow mask; an area outside of this 
rectangle was left without a contact to avoid current flowing around the edge of the device.
The sample was cleaned in aqua regia, de-ionized water, acetone and isopropanol. It was 
chemically treated for oxidation before sputtering the metal contacts to improve the surface 
resistivity by ensuring an oxygen terminated surface.
An Edwards K575XD Turbo pumped high resolution Sputter Coater was used to produce the 
electrical contacts in a sandwich structure. The unmasked area (1.7x2.1 mm^) was covered with 
150 nm of platinum on both sides. The sample was then used to perform measurements within the 
NSLS Microbeam.
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7.2.2 Experimental set up at the NSLS Microbeam
As mentioned in Chapter 5 the x-ray beam exits the beam pipe passing through an ion chamber 
before entering the collimating slits that control the beam size. The collimated beam goes through a 
second ion chamber before hitting the upright sample (VS-Pt), whose position is controlled by an 
x-y stepper motor.
The electrode on the back of the sample was used to deliver the bias voltage to the sample while 
the front electrode to collect the current which is measured using a Keithley 6517 electrometer. 
After penetrating the sample the x-ray beam interacts with a silicon photodiode situated 36.5 cm 
from the sample. This is used to measure the x-ray beam flux.
7.2.3 Nitrogen lines images -  spatial resolved analysis
Figure (7.9.a) shows the sensitivity map (normalized to the Si diode located behind the diamond 
sample) of the VS-Pt diamond probed with 19 keV photons from the X6 B beam line at the National 
Synchrotron Light Source (NSLS) under 50 V DC bias voltage. The focused X-ray beam used for 
the map is 25x25 pm^. The white dashed rectangle corresponds to the outline of the Platinum 
contact area on both sides; the dotted line at the bottom comes from the copper clamp used to hold 
the diamond sample; while the solid white line shows the edges of the sample.
The area registering a drastic increase in response coincides with the position of the edge of the 
copper clamp that is used to mount the sample. The copper clamp absorbs the X-ray beam and its 
position can be identified by the very low value of current detected in the Si diode behind the 
copper clamp. So the normalized values in this area are artificially high, however even the raw data 
exhibits an increase in current in this area, which could be due to scattered X-rays from the copper. 
The average normalized current response was measured for each row of pixels in the two 
rectangles (indicated by the black lines in figure 7.9.a) is shown in figure (7.10). Two dips are 
observed which are expected to be at the nitrogen line separation distance of ~ 0.3 mm, with the 
second dip being less pronounced than the first one. Also, it is clear from both figures that the 
average current in both rectangles show similar shapes, indicating that the two dips appear to be 
reproducible.
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Figure 7.9: (a) shows the sensitivity map of the VS-Pt diamond response normalized to the 
Si diode current with Ft contact under 19 keV photons taken at the X6 B and bias voltage of 
50 V. The x-ray beam used is 25x25 pm^. The dotted line on the sample shows the clamp 
which holds the sample; the dashed lines show the outlines of the contact area on both sides, 
the solid line shows the edges of the diamond sample, (b) Shows the Luminescence image of 
the single crystal diamond sample which was provided by Element six. The light blue area of 
the bottom of the sample corresponds to the substrate area. Additionally, the horizontal 
yellow lines indicate nitrogen-doped areas.
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Figure 7.10: shows the relative average current response at each raw of both the black
solid rectangle and the black dashed rectangle region observed in figure (7.9.a).
Unexpectedly a dip was observed at Z=3.85 mm (B) this is believed to be attributed to the 
thickness of the nitrogen lines being non uniform (17-28 pm) along with the nitrogen lines not 
being perfectly straight and as such the x-ray beam may not hit the centre of the nitrogen line. For 
these reasons it was decided that this experiment should be repeated using a smaller beam size 
synchrotron (DLS).
A further experiment was performed to check the position of the nitrogen lines in the diamond 
sample by taking different line scans through the sample at different positions ( 1 0 0  pm apart in x- 
direction). Each scan covered the whole width of the sample (z-direction) as shown in figure 
(7.1 La). The beam size used in this experiment is 90x25 pm^ with 15 pm steps and the bias 
voltage is -20 V DC.
The line scans show two dips which are expected at the nitrogen line separation distance (~ 0.3 
mm). Also, an unexplained spike is observed in the plots. The second dip is wider than the first dip, 
in agreement with the luminescence picture as shown in figure (7.9.b). This confirms the 
observation made in the previous experiment. Agreement of the positions was confirmed by the 
identification of the sample edge and contact area observed in the Si-diode data shown in figure 
(7.1 Lb). It is obvious from the line scan in figure (7.11.a) that with the use of the larger beam size 
the features of the sample can not be resolved. Even though using the smaller beam of dimensions 
25x25 pm  ^leads to a limited signal to noise ratio, it however shows a better spatial resolution when 
compared to a beam size of 25x90 pm^ especially if the structural defects are not known. Also, it is 
clear from image (7.9.b) that the nitrogen lines have a varying thickness of 17-28 pm. The second
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nitrogen line (near the middle of the sample) is actually two nitrogen lines lying very close to each 
other with their combined width being -54 pm. All these lines are not perfectly straight lines with 
some bending in their shape.
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Figure 7.11: (a) Current signals of the VS-Pt sample (b): Current signals of Si diode as 
measured at different lines with 15 pm steps in z-direction and spacing 100 pm in x- 
direction.
These factors contribute to the need of a beam size of max 17 pm or less to be able to investigate 
the structure of these lines. It should be noted that there are parameters other than the physical 
width of the x-ray beam that can influence this experiments. These include the photoelectric effect
and range of photo-electrons produced; the value of the electron hole pair creation area and 
diffusion of electron hole pairs.
It should be noted that the “average” current across the sample in figure (7.11.a) between the 
nitrogen lines looks flat whereas it seems to drop in figure (7.10). This could be due to the average 
current in figure (7.10) coming from the sensitivity map of an area which includes high current 
points and as such due to the persistent current we see this drop. Meanwhile the current in figure 
(7.11.a) comes from separate line scans and as such this effect is not observed.
7.2.4 Microbeam-average induced current analysis
7.2.4.1 The normalised response of the detector before annealing
The following experiments were performed for the sample, before it was annealed, with a pulsed 
bias voltage of 392 V, beam size of 90x90 pm  ^and beam step size of 350 pm. The pulsed bias is a 
square wave characterized by pulse width, frequency, amplitude and polarity and is used to enable 
full collection by minimising the build up of trapped charges. From the following images in figure 
(7.12) and the plot in figure (7.13) it is clear that the average normalized response of the detector 
saturates quickly with the change in the pulse width of the pulsed bias voltage.
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Figure 7.12: Images of the average normalized response of the VS-Pt sample before 
annealing at amplitude of 4-392 V pulsed bias voltages as a function of bias pulse width 
ranging from 200 to 1000 psec. The beam size was 90x90 pm  ^with 350 pm step size.
This result is contradictory to those observed by Keister et al. [90] who observed the expected 
linear response with pulse width. The difference in the response is believed to be attributed to the 
presence of a large number of electron traps as confirmed by alpha spectroscopy in chapter 9 of this 
thesis.
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Figure 7.13: Comparison of the relative Diamond/Si response before annealing at 
amplitude of +392 V pulsed bias voltages as a function of bias pulse width ranging 
from 200 to 1000 psec. The beam size was 90x90 pm  ^with 350 pm step size.
The effect of the polarity of the bias voltage was investigated for the un-annealed sample at 
positive 10 V and negative 10 V DC. The beam size and step size were 90x90 pm^ and 350 pm, 
respectively. It is clear from the two scanned images in figure (7.14) that the device sensitivity is 
not majorly affected by the polarity of the bias at this voltage.
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Figure 7.14; Illustration of the bias polarity effect before annealing the VS-Pt sample: 
one scan (left) is measured at +10 V; the other (right) is measured at -10 V. The 
synchrotron beam size is 90x90 pm  ^with 350 pm step size.
Using the sensitivity maps of the VS-Pt diamond sample before annealing normalized to the silicon 
response using a beam size of 90x90 pm^ a plot of normalised response as a function of DC bias 
voltage was obtained. Figure (7.15) shows two example sensitivity maps of the VS-Pt diamond 
sample before annealing at 30 V and 200 V. It should be noted that two different beam step sizes 
(100 and 350 pm) were used in this experiment.
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Figure 7.15: Image of the relative sensitivity maps of Diamond/Si response before 
annealing the contact as a function of bias voltages using beam size of 90x90 pm  ^
with two different beam step size (a) 350 pm and (b) 100 pm.
As can be seen from the results at 200 and 400 V that the average normalized response does not 
change much compared to the large shift between 100 and 200 V as shown in figure (7.16). This 
means that the sensitivity saturation of the un-annealed sample was reached at 200 V or lower. For 
the exact saturation voltage more data points would need to be collected.
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Figure 7.16: Average normalized response of the VS-Pt sample before annealing 
as a function of bias voltages.
Figure (7.17) shows the comparison between two scanned images of the diamond sample before 
annealing performed at two different beam sizes, 25x25 pm  ^with 25 pm step size and 90x90 pm  ^
with 350 pm step size, at the same bias voltage of +50 V. It appears that the average normalized 
response of the detector increases with decreasing beam size and step size. This can be explained 
by the priming effect, if the beam size or/and step size decreases the sample is exposed to a higher 
pre-irradiation accumulated dose, as each interaction affects the following reading.
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Figure 7.17: Illustration of two scanned images of the VS-Pt sample before annealing at 
two different beam sizes: one scan (left) is measured at 25x25 pm" with 25 pm steps; the 
other (right) is measured at 90x90 pm .^ The bias voltage is +50 V.
7.2.4.2 The effect of annealing on the normalised response of the detector
A comparison was drawn between the normalised response of the detector before and after 
annealing. The contact (Platinum) is annealed in a Helium filled oven allowing the device to 
exhibit ohmic properties [84], this supports charge injection and photoconductive gain. Figure 
(7.18) shows the comparison between two images (a&b) of the VS-Pt diamond sample having the 
same beam size (90 x 90 pm^) and step size (100 pm) and with the same bias voltage of +100 V; 
before and after annealing. It is obvious that the device sensitivity increases after annealing. The 
high sensitivity of this sample after annealing is assumed to be related to the photoconductive gain 
by the Sensitizing effect as discussed in detail in section 6.1.4.
12 4 I I 10 12 H 16 1« 20 22 242:
-500E-1
200E-2 "O  «
Z-direction
0 2 4 I I 10 12 14 IS
Z-direction
StCc-l %
5Ct.1 PT
OE-1 <
3SE-1 n
2(Œ-1 &
tocE-i s a
3Mt.2 Q.
I »2l»«illO?OK»1«11C121 '
Z-direction
Figure 7.18: comparison of three scanned images of the VS-Pt sample : (a) before annealing 
with beam size 90x90 pm^ and 100 pm step size; (b) after annealing with beam size 90x90 
pm  ^and 100 pm step size (c) after annealing with 90x25 pm  ^and 100x15 pm^ step size. The 
bias voltage was +100 V.
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In addition, figure (7.18) illustrates the comparison between two images (b&c) of the annealed 
diamond normalized response at different beam size and step size with the same bias voltage of 
+100 V. It seems that the device sensitivity increases with decreasing beam size and/or step size. 
This is correlated to the priming effect (pre-irradiation) as discussed before. This sensitivity 
increase is also observed for the un-annealed sample; however the response is not as high as in the 
annealed sample as shown in figure (7.19).
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Figure 7.19: Average normalized response of the VS-Pt sample before and after 
annealing with a different beam sizes and step sizes. The bias voltage used in these 
experiments was +10,-10, +50 and +100 V.
The next experiment aimed to describe the dependence of the normalized sensitivity maps of 
diamond/Si response after annealing using a pulsed bias voltage of negative 20 and positive 20 
volts. All these maps were performed using a 19 keV photon and beam size 90 pm x 90 pm in x 
and z-direction. As previously mentioned before annealing, the pulsed bias is a square wave 
characterized by pulse width, frequency, amplitude and polarity and is used to enable full collection 
by minimising the build up of trapped charges.
12 12.5 13 135
X-direction
X-direction
Figure 7.20: Example image of relative sensitivity map of Diamond/Si after 
annealing. The bias voltage and the energy are -20 V and 19 keV, respectively.
Figure (7.20) shows one of a series of images of the detector current normalized to the silicon 
response. From each image a region was selected (figure 7.20 (left) - black rectangle). The intensity
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values in the rectangle selected where averaged to get a single current value for each plot. What can 
be seen in figure (7.20) is that the intensity values of the normalized response of all the pixels in 
each rectangle are quit uniform making the analysis valid.
The plot in figure (7.21) shows the average normalized response of the VS-Pt diamond sample after 
annealing at different pulse widths of the bias ranging from 2 0 0  psec to 1 0 0 0  psec for voltage 
values -20 and +20 V. It is clear from the figure that the normalized response increased linearly 
with pulse width at -20 V. For +20 V, the increase shows a slight indication of a saturation effect. It 
should be noted that the trend at +20 V (after annealing) looks the same as at positive (+392 V) 
bias before annealing as shown in figure (7.13).
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Figure 7.21: Comparison of the relative Diamond/Si response at -20 V and +20 V 
bias voltages as a function of bias pulse width ranging from 2 0 0  to 1 0 0 0  psec.
Figure (7.22) shows the comparison between two scanned images of the VS-Pt sample after 
annealing performed at +20 and -20 V DC. It appears that the device sensitivity is affected by the 
sign of the bias. This is different from the response before annealing where only a slight difference 
was observed between the positive and negative bias images.
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Figure 7.22: Illustration of the bias polarity effect: one scan (left) is measured at -20 
the other (right) is measured at +20 V. The synchrotron beam size is 90x90 pm .^
V:
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Figure (7.23.a) shows two of the sensitivity maps of normalized response of the diamond sample 
with annealed contacts at different DC bias voltages ranging from 30 to 130 V DC. The 
synchrotron beam size and energy were 90x25 pm^ and 19 keV, respectively. Bias was applied to 
the back electrode of the diamond and current was measured from the other side using a Keithley 
487 electrometer. The DC plots were acquired as described previously in pulsed bias.
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Figure 7.23: (a) Image of two of the relative sensitivity maps and (b) Relative current 
response of Diamond/Si after annealing as a function of the DC bias voltage ranging from 30 
to 130 V. The energy and the beam size are used in these measurements are 19 keV and 
90x25 pm ,^ respectively.
The plot in figure (7.23.b) shows the relation between both the averaged normalized response and 
the theoretical response of the VS-Pt at a DC bias voltage, ranging from 30 to 130 V. The 
theoretical relationship between the averaged normalized response and the applied bias voltage 
under x-ray irradiation comes from:
/Relative Response dep 1- e x p
, 2
Where E,iep(diam) and Edep(Si) are the energy deposited in the diamond and Silicon detectors, 
respectively. These values were determined using the linear absorption coefficient for 19 keV 
photons in diamond and silicon and assuming a photon flux of 1 x 1 0  ^ photon/seconds. Sehp(diam) 
and £ehp(Si) are the energy required to produce an electron hole pair in the diamond and Silicon 
detectors, respectively, //r, V and d are the mobility-lifetime product (for the purpose of this 
experiment only holes are considered since electron transport properties of this sample are deemed 
to be inferior as seen in chapter 9 of this report), applied bias voltage and detector thickness, 
respectively. The numerical values applied in this relationship are:
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£ehp{Si)=3.6 eV [91], £^,^p{diam)= 13.2 eV [92], d  =0.49 mm and =1.1x10'^ cm^.V'^ (The 
value of was extracted from the alpha spectroscopy data of VS-Pt in chapter 9).
From the comparison between the experimental and theoretical results the theoretical results are 
always less then the experimental data obtained. One of the possible mechanisms, which could 
explain the high relative response of VS-Pt and thus high photoconductive gain, is the Sensitizing 
effect as described in chapter 6 . This effect appears only when a particular type of trap exists in the 
crystal which has the ability to capture only one type of carrier (electron or hole), while the other 
type remains free [35, 83]. For example, if electrons are captured immediately in the traps, this will 
lead to hole injection which contribute to the conductivity. These holes cross the sample several 
times until they recombine with the thermally de-trapped electrons or they themselves are trapped 
increasing the average lifetime of the holes and thus increasing the photoconductive gain of the 
device [35, 83]. This is supported by the alpha spectra obtained in chapter 9 where well defined 
alpha peak are observed with a positive bias, whilst no spectra were obtained using a negative bias 
(electron transport). This is believed to be due to the electron transport being impeded by the 
presence of electron traps (resulting in a poor electron transport). It should be noted that there will 
be a bias at which this high photoconductive gain is not present. From the obtained data this is 
likely to fall in the region between 0 and 30 V.
Another possible explanation is if the applied bias voltage across the detector is high (high electric 
field strength), the photo-induced charge carriers gain sufficient energy to generate secondary 
charge carriers which in turn can generate tertiary charge carriers and so on leading to a process 
called the avalanche effect. This effect is seen to occur in diamond at a field strength ~ 1x10^ V 
cm'  ^ [93].
This increase is linear in the range from 30 to 40 V and then saturates between 40 and 60 V and is 
parallel to the theoretical curve. Then we notice that the data increases again with bias voltage from 
60 to 80 V before saturating again up to 100 V. Finally it increases again.
A similar experiment was conducted by Smedley et al. [84]. Smedley et al. discussed a possible 
explanation for the increased response; being the increase in the effective lifetime of the holes due 
to the hole injection from the electrodes through the detector at high electric fields; as for the lower 
response than expected at low electric fields they believed this was due to trapped electrons.
7.2.5 Summary and Conclusions
There is a need for a beam size of 17 pm or less to be able to investigate the structure of the 
nitrogen lines. Also, there are parameters other the physical width of the x-ray beam that can 
influence these experiments. These include the photoelectric effect and range of photo-electrons 
produced; the value of the electron hole pair creation area and diffusion of electron hole pairs.
96
Prior to annealing the average normalized response of the detector saturated more quickly with the 
change in the pulse width of the bias voltage when compared to the annealed sample. The device 
sensitivity was not majorly affected by the sign of the bias, which is quite different from the 
annealed sample which showed a clear difference in the images. The sensitivity saturation of the 
un-annealed sample was reached at 200 V or lower. Following annealing the normalized response 
increased linearly with pulse width at -20 V. However for +20 V, the increase showed a slight 
indication of a saturation effect suggesting that the device sensitivity is affected by the sign 
(polarity) of the bias voltage.
The device sensitivity increases after annealing which is assumed to be related to the 
photoconductive gain by the Sensitizing effect as discussed in detail in section 6.1.4.
Following annealing the device sensitivity was affected by the sign of the DC bias. This is different 
from the response before annealing where only a slight difference was observed between the 
positive and negative bias images.
From the comparison between the experimental and theoretical results of the VS-Pt sample the 
theoretical results are always less than the experimental data obtained. One of the possible 
mechanisms, which could explain the high relative response of VS-Pt and thus high 
photoconductive gain, is the Sensitizing effect as described in chapter 6 .
Finally the device sensitivity was seen to increase with decreasing beam size and/or step size. This 
is correlated to the priming effect (pre-irradiation), as if the beam size or/and step size decreases 
the sample is exposed to a higher pre-irradiation accumulated dose. This sensitivity increase was 
also observed for the un-annealed sample; however the response is not as high as the annealed 
sample.
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7.3 Diamond Light Source Synchrotron (DLS) Microbeam
Due to the limitations of the NSLS (large beam size of ~ 25x25 |im^) additional measurement were 
conducted at the Diamond Light Source (DLS). This synchrotron has the advantage of a lower 
beam size (~ 4x4 |im^) and higher flux leading to an improved spatial resolution. Due to the setup 
of the Diamond Light Source it was necessary to mount the diamond sample on a square (2.5x2.5 
cm ;^ 1 mm thick) ceramic substrate using a silver paste as described in Chapter 5 of this thesis.
7.3.1 Sensitivity maps imaging of VS-Pt
Figure (7.24.a) shows the sensitivity map of the VS-Pt after annealing probed with 20 keV photons 
at the B16 beam line at the Diamond Light Source (DLS) under a bias voltage of 50 V. The focused 
x-ray beam used for this map is 4x4 pm^ with 100 pm step displacement and a computer program 
used to interpolate the data. The four black solid lines indicate lines that have been studied with a 
higher spatial resolution which will be discussed in the next section.
It was noted that there are some spots (dark blue areas) on both the upper side and the right side of 
the sample (at the positions where silver paint is used to mount the sample on the printed circuit 
board) which have a high photocurrent response. Some of these spots show a high photocurrent, 
with sensitivity up to 1 2  times higher than the average photocurrent existing in the centre of the 
device. These spots are believed to be responsible for the persistence current.
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Figure 7.24: (a) shows the sensitivity map of the VS-Pt under 20 keV photons taken at B16 
and bias voltage of 50 V. The x-ray beam used is 4x4 pm^ with 100 pm step. The solid lines 
indicate the line scan position of the data shown in fig 7.27; the solid rectangle is scanned area 
displayed in fig 7.25. (b); shows the current signals at three different points as shown in (a).
The photoconductive gain could be attributed to either the difference in the probability of trapping 
electrons and holes or an increase in the density of surface defects. For example, if all the holes are 
collected and a proportion of the electrons have been trapped, more holes are reinjected to the 
opposite electrode, until the electrons are detrapped, in order to maintain charge neutrality. 
Additionally, figure (7.24.b) displays the photocurrent pulse shapes of the sample in three different 
positions: Two points are present in the bright spots, as marked in figure (7.24.a), B:(3.75, -16.92)
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and C:(2.77, -18), where a persistent current has been observed. The last point is present in the 
centre of the sample, designated point A:(2.55, -16.99), this represents the rest (majority) of the 
sample surface. There is hardly any observed effect of trapping and detrapping in this region (point 
A) when measuring the current response through irradiation by the focused x-ray micro-beam. In 
contrast, in the first areas (bright spots), there are very high photocurrent values with a slow 
evolution of the photocurrent signal with time (over several minutes) as displayed in figure 
(7.24.b). The strong increase of the induced photocurrent at the edge of the electrode, dark blue 
areas in the sensitivity map of the diamond sample, surronding the hole in the centre could be 
explained by the variation in the x-ray beam intensity due to x-ray and electron back scattering 
from the ceramic of the PCB or the presence of persistent currents, which support charge injection 
from the high density defective surface at the edges of the electrode or a combination of the two. 
Smedley et al. [84] discussed a possible explanation for the increased response; being the increase 
in the effective lifetime of the holes due to hole injection from the electrodes which cross the 
diamond several times before the electrons are detrapped or the holes are themselves trapped. He 
theorised that this was only possible if the hole charge collection distance is greater than the 
thickness of the material (high electric field) otherwise no gain is observed.
Figure (7.25.a) shows a section of the Luminescence image of the VS-Pt, which was provided by 
Element six Ltd. The light blue area of the bottom corresponds to the substrate area. Additionally, 
the horizontal yellow lines represent nitrogen-doped areas. The four red lines indicate the position 
of the line scans that are also indicated in figure (7.24.a).
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Figure 7.25: (a) Section of the Luminescence image of the VS-Pt provided by Element 
six Ltd. (b): Sensitivity map of the green dashed rectangle observed in (a). The beam size, 
step size and bias voltage are 16 pm^, 10 pm and 50 V, respectively.
By zooming into the green dashed rectangle marked in the figure 7.25.a (luminescence image) of 
VS-Pt, using a micro step displacement of 10 pm for the scanning, a high resolution sensitivity map
99
is obtained under a bias voltage of 50 V as shown in figure (7.25.b). The area of this rectangular 
scan is 0.2x1.2 mm .^ The focused X-ray beam size and energy are 4x4 pm  ^ and 20 keV, 
respectively.
It is clear from figure (7.25.b) that there are two dips that are observed which are expected to be at 
the first and the second nitrogen lines with a separation distance of ~ 0.63 mm (as shown in the 
luminescence image). Also, it is clear from the high resolution sensitivity map that the second dip 
is wider than the first dip, in agreement with the luminescence image shown in figure (7.25.a). 
Finally, a reduced photocurrent response is observed in areas corresponding to either the nitrogen 
lines or the substrate area. In the substrate area, there are poor characteristics such as low 
photocurrent and low signal to noise ratio which could be arising from the higher concentration of 
defects in that area. This substrate was left during the CVD growth process so a contrast could be 
seen between the newly grown bulk diamond and the substrate material and furthermore it made 
handling of the sample easier due to the increase in size. The low photocurrent, which is very clear 
in figures (7.25.b), (7.26) and (7.27), could result from the formation of high space charge due to 
the high concentration of defects in this area, which in turn reduces the electric field. The second 
possible reason for this decrease could be due to the decrease in charge collection efficiency as a 
result of an increase in recombination or carrier trapping compared to the newly grown bulk 
material [35, 74].
Figure (7.26) illustrates the dependence of the sensitivity maps of VS-Pt upon the polarity of the 
bias voltage. Two scans were performed at positive 50 and negative 50 V on the same area, 0.6x1.5 
mm .^ The first scan was performed with +50 V followed by the scan with -50 V. The focused X- 
ray beam size and step displacement are 4x4 pm  ^and 100 pm, respectively.
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Figure 7.26: Illustration of the bias polarity effect of VS-Pt contact: one scan (left) is 
measured at +50 V, the other (right) is measured at -50 V. The beam size and the step 
size are 16 pm^ and 1 0 0  pm, respectively.
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Comparing the two scans at +50 and -50 V, it is clear that the current sensitivity is affected by the 
bias polarity. Generally, it should be noted that the photocurrent at a negative bias is higher than 
the current at a positive bias. This is consistent with the results obtained from NSLS (after 
annealing). Additionally, the lowest photocurrent at both positive and negative bias voltages is 
found in the substrate area. It should be noted that this difference in current sensitivity could be the 
result of polarisation effects rather than an absolute difference between an applied positive and 
negative bias.
7.3.2 Nitrogen lines images- spatial resolved analysis of VS-Pt
A further experiment was performed to study the nitrogen lines in more detail by taking four 
different line scans through the sample at different positions ( 2 0 0  pm a part in the x-direction, i.e. x 
= 2.57, 2.77, 2.97 and 3.17 mm). Each scan covers a vertical width of 1.8 mm through the sample 
(y-direction), indicated by the four black lines marked in figures (7.24.a) and (7.25.a). The focused 
X-ray beam used in this experiment is 4x4 pm^ with 5 pm step displacement, in both directions. 
The sample was biased at +50 V. The line scans are plotted in figure (7.27). An additional line at x 
= 2.97 mm was extracted from the high resolution image (figure 7.25.b) for comparison (acquired 
with a step size 10 pm and range from -16.3 to -17.5 mm) in the y-direction.
The persistent photocurrent of VS-Pt decreases with time [6 8 ]. The currents at the dark spots are up 
to 12 times higher than the average current existing in the rest of the sample. As a result, these 
spots have a very high current and therefore after irradiation of one of the regions causing a 
persistent photocurrent the current values recorded appear higher. The effect reduces over time. 
This is clear from the plots in figure (7.27) where the fourth (yellow) line scan starts with less 
current than the other lines as it does not pass through one of the dark spots (high persistent 
current) shown in figure (7.24.a).
The line scans (figure 7.27) show the three dips with different widths which are expected at the 
three different nitrogen lines and the substrate area. The second and third dips (located at -17.35 
mm and -17.65 mm respectively) are wider than the first dip (located at -16.7 mm), in agreement 
with the luminescence image as shown in figure (7.25.a). Also, it is clear from the luminescence 
image that the nitrogen lines have a varying thickness from 16 to 28 pm. The second nitrogen line 
(near the middle of the sample) is actually two nitrogen lines lying very close to each other with 
their combined width being approximately 54 pm. Additionally, the third nitrogen line on the right 
is two lines lying close to each other but not as close as the second nitrogen line and the left part 
consists of only one line. The yellow plot, x = 2.97, in this figure is in agreement with the fact that 
the third nitrogen line consists of one line in the luminescence image. All these lines are not 
perfectly straight with some bending in their shape. All these factors contribute to the need of both 
a beam line and step displacement of 16 pm or less to be able to investigate the structure of these 
lines. As previously mentioned there are parameters other than the physical width of the x-ray
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beam that can influence the experimental results. These include the photoelectric effect and range 
of photo-electrons produced; the value of the electron hole pair creation area and diffusion of 
electron hole pairs.
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Figure 7.27: The current signals of the VS-Pt sample as measured at four different 
lines with 5 pm steps in y-direction and spacing 200 pm in x-direction; for 
comparison a 5* line extracted from the scan shown in fig 7.25.b is shown.
The physical dimensions of the nitrogen lines thickness were analyzed using the image analysis 
software (JMicroVision) taking into account that the smallest thickness of the lines was 16 pm. It is 
obvious from the previous sensitivity map experiments for the VS-Pt sample that with the use of 
either a large X-ray beam size and/or large step displacement, the features of the sample could not 
be resolved. Even though using the smaller beam size leads to a limited SNR, it shows a better 
spatial resolution when compared to NSLS. As such the double line structure of the second and the 
third nitrogen lines are made more prominent by the spatial resolution (5 or 10 pm step 
displacement) of the focused X-ray line scan. Additionally the nitrogen lines display a clear 
reduction in the photocurrent relative to their surroundings (compared to the sensitivity maps 
obtained either in the University of Surrey X-ray lab or NSLS).
In order to confirm that the drop in the photocurrent was related to the persistent current a further 
line scan experiment was undertaken at one position (line 4 in the previous experiment, x = 3.17 
mm). This experiment was repeated multiple times using different delay times (time lapsed 
following irradiation before a measurement is made by the Keithley current-meter). For the purpose 
of this experiment delay times of 1, 2, 3, 4 and 5 second were used, as shown in figure (7.28). The 
focused X-ray beam size and step displacement used in this experiment are 4x4 pm^ and 10 pm, 
respectively.
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Figure 7.28: The current signals of the VS-Pt sample as measured at different delay 
times with 1 0  pm step size in y-direction.
The plots in figure 7.28 show the same features as discussed in figure 7.27 with the data for the 
different delay times showing a consistent response . This observation suggests that there is no 
effect of persistent current on the obtained results. It should be noted that the same drop in the 
current through the line scan was also observed in the NSLS (figure 7.10) and since no silver paste 
was present, it suggests that this drop is related to the nature of the crystal material (i.e. trapping the 
charge carriers in the defects cause a polarization, which increase with time, which leads to 
decrease the photocurrent) rather then the presence of silver paste. However the effect of persistent 
current is still observed due to the presence of dark blue spots (very high photocurrent) at the 
beginning of the scans.
7.3.3 Microbeam induced photocurrent pulse shapes of VS-Pt
Another experiment was performed to compare the difference between the photocurrent pulse 
shapes under a focused X-ray beam in VS-Pt under varying bias voltages as a function of time as 
shown in figure (7.29), The photocurrent pulse shapes will be studied at different points: (a) in the 
middle which represent the majority of the sample surface, point 1 (2.88, -16.63) and 2 (2.88, - 
16.98) (b) in the substrate area, point 3 (2.88, -16.45) and (c) adjacent to the Nitrogen line, i.e. 
point 4 (2.88, -17.36). The applied bias voltages were positive and negative at 20, 50, 100, 200 and 
300 V. The location of the points on the diamond sample is marked in the sensitivity map in figure 
(7.25.b). These four points were chosen as they represent the regions of the sample with differing 
properties (e.g. the substrate area, the region between the substrate and the first nitrogen line, 
within a nitrogen line and within the bulk of the crystal).
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A general observation for all the points is that there is an increase in the current amplitudes with the 
increase in the bias voltage. Point 1 (black): it is clear from the plots at this point that the current 
signals stabilize quickly. Another observation is that there is no overshoot at positive bias, however 
there is a small overshoot value observed at a negative bias, except at -300 V. The current values 
are the second lowest value of the four points under a positive bias; on the contrary, they are the 
second highest current value at negative bias ranging from -20 to -200 V, again with the exception 
o f -300 V.
Point 2 (red): generally, the highest current values are observed at this point under positive and 
negative bias, except at +300 V, accompanied by a fast stabilization time as in point 1. However, 
the stabilization time starts to greatly increase at +200 V and 300 V. Also, this point has the highest 
overshoot value at both positive (from +20 to +100 V) and negative (from -20 to -200 V) bias 
voltage.
Point 3 (green); It is obvious from the plots that this point has the lowest current amplitude in the 
sample when compared to all the points at any of the bias voltages studied. Also, point 3 has a large 
current fluctuation at a negative applied bias. The low photocurrent and the slow time response in 
the substrate area could arise from the existence of a high rate of defects which in turn form a space 
charge and hence produce an internal electric field which counteracts the effect of the external 
field. This could also be related to the decrease in the CCE in this area combined with the increased 
recombination or carrier trapping as previously mentioned. It should be noted that the slow time 
response at the substrate area increases with increasing bias voltage. Furthermore there is no 
overshoot observed under a positive or negative bias.
Point 4 (yellow): It should be noted that the photocurrent signals of point (4), which is located 
adjacent to the second nitrogen line as shown in figure (7.25.b), shows the slowest evolution in the 
current signals with time at all positive bias values and the stabilization time increases as the bias 
voltage increases, especially after 100 V. On the contrary, this point has the fastest stabilization 
time at negative bias (from -20 to -200 V). As the positive bias increases, the amplitude of the 
current signals increases gradually. This current induced at this point takes a longer time to decay 
to the dark current level, when the x-ray irradiation is switched off, as shown in figure (7.29). 
However, at +300 V the current does not reach the dark current value. The slow decay time at this 
point indicates the presence of shallow trap levels, which are incorporated in to the nitrogen thin 
layer during the growth process. These shallow traps are unstable at room temperature and 
therefore the charge carriers thermally de-trap (empty) immediately after switching off the 
irradiation. This contributes to the increase in the fall-off time.
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Figure 7.29: Comparison of the current signals at four different points in the VS-Pt 
sample at different positive and negative bias voltages ranging from 20 to 300 V as a 
function of time.
To summarise the observations above, it is suggested from figure (7.29) and figure (7.30) that some 
of the points (located in the homogeneous area in the centre of the electrode, i.e. points 1 and 2 )
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share the same current signal shape, but are different in their current amplitude and accompanied 
by relatively fast stabilization times. Point 3 (situated in the substrate area) showed the lowest 
current value at both bias polarities most likely due to the existence of a high concentration of 
defects, resulting in the lowest signal to noise ratio. The point near the nitrogen line, i.e. point 4, 
showed the slowest evolution in the current signal with time, with the stabilization time increasing 
with bias. In addition, the current at this point takes a longer time to decay to the dark current value 
possibly due to thermal detrapping of shallow trap levels. However, it should be noted that a fast 
time response is observed at negative bias.
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Figure 7.30: Current response of the VS-Pt at four different points as a function of (a) 
positive and (b) negative bias voltage under irradiation by a focused x-ray beam energy and 
size of 20 keV and 4x4 pm ,^ respectively.
7.3.4 Summary and Conclusions
High spatial resolution sensitivity maps are obtained using a micro step displacement of 10 pm or 
less. They clearly revealed the effect of the nitrogen lines observed in the luminescence image. 
This is due to the beam size and step displacement of 16 pm or less needed to investigate the 
structure of the nitrogen lines. When the x-ray beam size or step displacement is greater than 16 
pm; these features of the sample could not be resolved. It should be noted that even at a beam size 
of 4x4 pm the dislocations present in the samples were not resolved.
A lower photocurrent response was observed corresponding to the nitrogen lines and/or the 
substrate area compared to their surrounding. In the substrate area, there is a low photocurrent 
response (probably due to existence of a high concentration of defects), low signal to noise ratio 
and a slow response time. The current amplitudes are affected by the bias polarity with the 
photocurrent at a negative bias, higher than the current at a positive bias. This difference in 
sensitivity could be the result of polarisation effects rather than an absolute difference between an 
applied positive and negative bias.
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There are spots that have a very high current (high sensitivity) showing persistent photocurrent 
effects. Therefore the sample took a longer time to restore to the “real” value after the passage of 
these high current positions. A point situated near a nitrogen line, i.e. point 4, shows a slow rise 
time with the stabilization time increasing with bias. In addition, it takes a longer time to decay to 
the dark current value which indicates the presence of shallow trap levels, which are incorporated 
within the nitrogen thin layer during the growth process. These shallow traps are unstable at room 
temperature and therefore the charge carriers thermally de-trap after switching off the irradiation 
leading to the increase in the fall-off time.
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7.3.5 Sensitivity map imaging of HPS-Pt
Figure (7.31) illustrates the influence of the bias polarity on the sensitivity maps of HPS-Pt. The 
two scans shown were performed at positive 50 and negative 50 V. The focused X-ray beam size 
and step displacement are 4x4 pm  ^and 100 pm, respectively. It should be noted that due to the step 
displacement the software used to acquire the sensitivity maps interpolates the colours between 
each 1 0 0  pm step.
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Figure 7.31: Illustration of the bias polarity effect of the HPS-Pt sample: one scan (a) is 
measured at +50 V; the other (b) is measured at -50 V. The beam size and the step size are 
4x4 pm  ^and 100 pm, respectively.
The comparison between the two scans reveals that a difference in localised sensitivity is observed 
when the bias voltage is changed from a positive to a negative bias. The most prominent being a 
virtually uniform current response observed in figure (7.31.a) between the hole in the PCB and the 
surrounding area, in comparison to a significant variation in the current response observed in figure 
(7.3l.b) between the hole in the PCB and surrounding areas. However in both cases the region of 
the detector where the hole in the PCB is located a relatively uniform and consistent current 
response is observed. The high current regions, could be caused by a variation of the energy 
absorbed due to x-ray back scattering from the ceramic of the printed circuit board.
Lower current regions are seen in the comers surrounding the hole in the PCB as marked by the 
black arrows, shown in figure (7.31). These regions are attributed to polarisation effects caused by 
a build up of space charge within the device due trapped charge carriers. This in turn generates an 
internal electric field opposing the external electric field applied to the device. Whilst, when a 
negative bias is applied to the device the trapped charges will reinforce the external applied field.
It should be noted that there are clear regions on both sensitivity maps around the square hole of the 
PCB where the position of the silver paint is used to mount the sample on the PCB. These regions 
show a low photocurrent relative to the rest of the sample. This is contradictory to the response 
seen in VS-Pt where a higher photocurrent response was seen in the regions with silver paint. As
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stated in section 7.3.1 (and reinforced by Alpha Spectroscopy in Chapter 9) this variation in 
photocurrent response is independent of the silver paint but is rather attributed to the high 
photoconductive gain of the bulk of the material (Sensitising effect).
Figure (7.32.a) displays the sensitivity map of HPS-Pt measured at a bias voltage of 100 V with a 
15 second delay time. The focused X-ray beam energy, size and step displacement are again 20 
keV, 4x4 pm  ^and 100 pm, respectively. Additionally, figure (7.32.b) displays the current signals at 
three different points, as marked in figure (7.32.a) as A, B and C in the black square.
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Figure 7.32: (a) Sensitivity map of HPS-Pt sample measured at bias voltage and step size 
100 V and 100 pm, respectively, (b) Current signals at the three different points A, B and C 
marked in the left.
It appears from the sensitivity maps in both figure (7.31.a) and figure (7.32.a) that as the bias 
voltage increases the homogeneity improves. Figure (7.32.b) shows that the amplitude of the 
photocurrent signals of points A and C is approximately the same with the amplitude of point B 
slightly higher than in points A and C. This suggests that the current response became much more 
homogenous at 100 V than at 50 V, which is believed to be attributed to the device operating with a 
saturated charge collection efficiency. However, it should be noted that the overshoot became more 
pronounced at 100 V than at 20 V, and as such the current response at 20 V stabilizes faster than at 
100 V. Additionally, the areas where silver paint is present showed the same trend as before with a 
lower photocurrent observed compared to the surrounding areas. As mentioned earlier the higher 
photocurrent response in the areas surrounding the hole in the PCB is believed to be due to 
variation of the energy absorbed due to x-ray back scattering from the ceramic of the printed circuit 
board.
A similar trend can be observed within the black square in figure (7.32 a), at different applied 
biases of 20, 100, 200 and 400 V. The general observation at these different biases is the 
improvement of the homogeneity of the current response as the bias increases from +20 to +200 V. 
At a high bias voltage of 200 V the current distribution in the sensitivity map is nearly constant. 
This behaviour could be explained by the charge carrier’s velocity reaching saturation. In a
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previous report by Bergonzo et al [63] the sensitivity maps of polycrystalline CVD diamond 
showed that the saturated velocity is reached at points where the electric field >10 kV/cm. At a 
high bias, 400 V, it seems that the current response increases only in the bottom half of the square. 
In the other areas the increase of the current response is weak; this could be caused by the 
saturation velocity of the charge carrier’s being reached locally. At a low bias voltage, +20 V, the 
saturation velocity is not reached in the sample and as such a less homogenous response is seen.
7.3.6 HPS-Al/Pt sample
7.3.6.1 Sensitivity maps imaging of HPS-Al/Pt
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Figure 7.33: Sensitivity maps of the HPS Al/Pt contact: one scan (a) is measured at +50 V 
with 200 pm step size, the other (b) is measured at +100 V with 75 pm step size.
Figure (7.33) shows the sensitivity maps of the HPS-Al/Pt sample measured at +50 V with a 200 
pm step size and +100 V with a 75 pm step size. From the sensitivity maps in this figure it appears 
that as the bias voltage increases the homogeneity does not improve unlike in HPS-Pt.
Figure (7.34) displays the variation in the sensitivity maps of the black square seen in figure 
(7.33.b) for HPS-Al/Pt at different applied biases of +20, -20, +50, -50, +200 and 400 V. The area 
of these scanned squares is 2x2 mm .^ The focused X-ray beam size and step displacement are 4x4 
pm  ^and 100 pm, respectively. Note that the current scales are not all the same.
Figure (7.34 a & c) show the sensitivity maps of the sample with +20 and +50 V. Initial 
observations show that applying different biases shows the same pattern however the amplitude of 
the current is obviously higher when applying a higher voltage. Also, the size of the higher current 
areas (dark blue) has also increased with the bias increase.
Figures (b) and (d) show the maps of the sample with -20 and -50 V, respectively. It shows that the 
change in the overall sensitivity pattern is more pronounced. Where as in respect to its surrounding 
areas there seems to be more areas with a higher current at a higher negative bias, whereas the 
current is more homogeneous at a lower bias voltage.
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Figure 7.34: Image of sensitivity maps of the HPS-Al/Pt contact at different bias voltage 
20, -20, 50, -50, 200 and 400 V. The X-ray beam energy and step size are 20 keV and 100 
pm, respectively.
The previous observations show generally that the HPS-Al/Pt exhibits a low photocurrent, high 
dark current and unstable signal when compared with the HPS-Pt sample. At negative bias, the 
current response is higher than the response at positive bias. Also, areas of relatively high current 
under positive bias are less pronounced when the bias polarity is changed. Furthermore the 
opposite can be observed in some areas of the sample. This can be explained by the effect of the 
trapped charges, where it creates an internal electric field which opposes the effect of the external 
applied field which leads to an increased current response at the positive bias. For the case of the 
negative bias, the effect of the trapped charge will be in the same direction with the applied field 
leading to an increase in the current in the affected areas. It should be noted that this effect 
(polarisation) relies on the filling of deep traps within the sample there is a time dependent aspect
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to these effects. As such by either decreasing the incident x-ray fluence or time of exposure this 
effect can be reduced in severity.
At high bias voltages (+200 and +400 V), the overall pattern of the sensitivity map changes 
drastically to a mosaic line pattern which is because at some points the current does not change 
linearly with bias. It is observed that at some points the current increases with voltage until a 
certain bias followed either by a stable current, a decrease in the current, or a slight increase in 
current in proportion to its previous rate. It is also observed that some points of low current have 
increased drastically; all these factors lead to a mosaic line pattern at this relatively high bias as 
shown in figure (e) and (f). (It should be noted that since these scans were undertaken in a 
horizontal direction that the vertical lines seen at 200 and 400V are not caused by persistent 
photocurrent)
Figure (7.35) shows the evolution of the high resolution sensitivity maps of the three black squares 
seen in figure (7.34) of HPS-Al/Pt at different delay times ranging from zero to 15 sec under the 
three different biases +200, +20 and -20 V. The area of these squares is 0.4x0.4 mm^. The 
scanning step of the X-ray beam is 40 pm.
At low bias voltage (+20 V) the sensitivity has a stable pattern of current response with the change 
in delay time; however the photocurrent response is very low. At -20 V generally the change in 
current data is very limited (within the standard deviation of the “constant” current) and the current 
stabilises after approximately five seconds. In the case of no delay time some spots show higher 
current which could be due to the overshoot effect at these areas, which quickly stabilises (within 
approximately 5 seconds).
At +200 V (high bias voltage) it is observed that the sensitivity maps at this voltage are less 
stabilised, this could be due to the effect of the high overshoot at such a high voltage when 
compared to a lower bias voltage sensitivity map. All this leads to the necessity to use this device at 
a low bias voltage. Also, the overshoot effect can be eliminated using priming, thus all diamond 
samples used in the X-ray lab in the University of Surrey have been primed before any 
measurements.
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Figure 7.35: Comparison of the sensitivity maps of HPS-Al/Pt contact at different delay times 
under (a) +200, (b) +20 and (c) -20 V bias voltages. The X-ray beam energy and step size are 
20 keV and 40 pm.
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7.3.6.2 Microbeam induced photocurrent pulse shapes of HPS-Al/Pt
Photocurrent pulses shapes were studied at three different points (positions) as displayed in figure 
(7.36). These points have the symbols point A (3.54, -17.3), point B (1.96, -16.91) and point C (3.6, 
-16.84), as marked in the sensitivity map in figure (7.33.b). The resulting induced current pulses are 
obtained from the variation in both positive and negative bias voltages of 20, 50, 100 and 200 V. 
The plots on the left in figure (7.36) show the photocurrent signals at different positive bias 
voltages ranging from +20 to +200 V, with the stabilized signals seen at the lowest bias (+20 V). 
Generally in the case of HPS-Al/Pt, there are poor characteristics such as low photocurrent, high 
dark current, very low signal to noise ratio and instability as the bias voltage increases. It should be 
noted that points A and C, which are positioned in the middle of the sample, show a weak 
photocurrent as well as loss of stability when using a bias voltage of 50 V or more. Additionally 
there is an overshoot when using a bias greater than 20 V. As for point B, which is positioned 
above the silver paint used to mount the sample on the PCB, has the highest photocurrent compared 
to the other points. However, it looses stability when using a bias greater than 50 V. Therefore it is 
preferred to use this sample at a very small positive bias, as seen in previously discussed 
experiments in section (6.1.2) using a broad X-ray beam irradiation. The low photocurrent, which 
is very clear in the HPS-Al/Pt sample, is not observed in HPS-Pt sample. This low photocurrent 
could result from the formation of space charge (polarisation effect) under the bottom of the A1 
contact, which in turn reduces the electric field [35, 74]. The alpha spectroscopy in chapter 9 
confirmed that this sample is the worst sufferer of polarisation effects compared to the other 
samples, as there are very poor peaks (no peaks) compared to the other samples.
As for the negative bias (right plots in figure 7.36), there are several observations when using an 
Al/Pt contact the first including appearance of large values of the overshoots at the beginning of all 
the signals when the focused x-ray beam (B16) is switched off and on respectively.
Secondly, there is a very low signal to noise ratio especially in points B and C where it can not be 
distinguished between the photocurrent and the dark current except the appearance of overshoot in 
the beginning which then restores to the noise level at all biases. However point A is the only point 
where the signal can be recognized to exist with an overshoot in the beginning, and also these 
signals lose stability when using a bias greater than -20 V.
A possible explanation for the asymmetric behaviour with bias is due to the enhanced filling of 
traps on the mounted side of the detector (due to backscattering etc). Finally, it can be concluded 
that at a negative bias voltage, HPS-Al/Pt exhibits high dark current, unstable signals and very low 
photocurrents at different bias voltages. Also, an obvious overshoot was observed at the beginning 
of the irradiation.
It should be noted that at 200 V the observed saturation in current is caused by the limitation of the 
Keithley ammeter to measure above 10 nA.
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Figure 7.36: Comparison of the current signals at three different points in the HPS-Al/Pt at 
different positive and negative bias voltage ranging from 20 to 200 V as a function of time.
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T.3.6.3 Summary and Conclusions
The central region of the sensitivity maps (at bias of +50 and -50 V) of the HPS-Pt detector, where 
the hole in the PCB is located, shows an approximately uniform current response. The current 
response became much more homogenous at 100 V than at 50 V and as the bias voltage increased 
from +20 to +200 V the homogeneity of the current response improved further. At 200 V, the 
current distribution in the sensitivity map was nearly constant. This behaviour could be attributed 
to the sample operating with a saturated charge carrier velocity.
The region surrounding the hole in the PCB show a higher photocurrent at a bias of +50V this high 
photocurrent response is believed to be due to variation of the energy absorbed due to x-ray back 
scattering from the ceramic of the printed circuit board.
In the case of HPS-Al/Pt, as the bias increases the homogeneity of the current response in the 
central region does not improve as seen in HPS-Pt. The HPS-Al/Pt sample exhibits a low 
photocurrent, high dark current and unstable signal when compared with HPS-Pt. This could be 
attributed to the high polarisation effects, which is confirmed by alpha spectroscopy in chapter 9, as 
there are very poor peaks (no peaks) compared to the other samples.
At a low bias voltage (+20 V) the sensitivity has a stable pattern of current response with the 
change in delay time however the photocurrent response is very low. At a high bias voltage (+200 
and +400 V), the overall pattern of the sensitivity map changes drastically to a mosaic line pattern 
and the sensitivity maps are less stable. This is in agreement with the experiment in the X-ray Lab., 
where the highest SNR was observed at zero volts (-170 at 15.6 cGy/min) and the surrounding 
small biases. Points A and C, which are positioned in the middle of the sample, show a weak 
photocurrent as well as a loss in stability when using a bias voltage of 50 V or more. Point B, 
positioned above the silver paint, looses the stability when using a bias greater than 50 V.
At a negative bias HPS-Al/Pt exhibits a high dark current, unstable signals and very low 
photocurrents at different bias voltages as seen with an applied positive bias. However, an obvious 
overshoot was observed at the beginning of the irradiation with an applied negative bias.
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8 Diamond Radiation Detectors with Carbon Contact 
Deposited by Pulsed Laser Deposition
The deposition of amorphous carbon electrical contacts on a diamond radiation detector by Pulsed 
Laser Deposition (PLD) is introduced as a novel technique for producing tissue equivalent x-ray 
dosimeters. The main work presented within this chapter is divided into two main parts:
Firstly, we investigate the dosimetric characteristics of three polycrystalline diamond devices. Two 
of these devices are contacted by PLD the first with pure amorphous carbon (labelled Poly-C) and 
the second with amorphous carbon mixed with Nickel (labelled Poly-C/Ni). The third device is 
metalized by conventional sputtering of Platinum for comparison. Secondly, the dosimetric 
characteristic of single crystal diamond contacted by carbon mixed with Nickel (labelled SC-C/Ni) 
was investigated.
This investigation included current-voltage characteristics, linearity and dose rate dependence, 
sensitivity and specific sensitivity, photoconductive gain, stability, reproducibility and time 
response (rise and fall-off times).
8.1 Polycrystalline CVD diamond (Poly-C, Poly-C/Ni and Poly-Pt)
As mentioned in Chapter 4 it should be noted that although three metal contacts were present on 
each sample only one (of diameter 4 mm) was used when performing any measurements. It should 
be noted that the three contacts on each of three samples was tested with a consistent signal 
observed (in terms of time response and stability) and a variation in current response observed due 
to the size of the metal contacts. A 4 mm diameter contact was chosen for the main measurements 
as this was one of the largest contacts and as such had a high current response. Furthermore the 4 
mm contacts showed the highest SNR for all three samples.
8.1.1 Electrical characterisation and x-ray measurements
8.1.1.1 I-V characteristics
The current-voltage characteristics of the three polycrystalline diamond devices (Poly-C, Poly-C/Ni 
and Poly-Pt) were investigated in dark conditions and under X-ray irradiation as shown in figure 
(S.l.a-c). The bias voltage is applied through the top contact and varies from -200 V to +200 V 
with voltage steps of 2 V. In order to measure the equilibrium current, Keithley 487 Pico ampere 
meter was adjusted to pause for 30 seconds after the changing of each bias voltage.
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Figure 8.1: I-V characteristics of the three diamond samples (a) Poly-C (b) Poly-C/Ni (c) 
Poly-Pt both in dark conditions and under different dose rates of 1.5 and 2.45 Gy/min (d) 
the dark current of the three samples.
It is clear from figure (S.l.b) and (S.l.c) that in both Poly-C/Ni and Poly-Pt the dark currents are 
very low (below a few pA between -200 V and +200 V) which implies that these devices have a 
high intrinsic resistance (-l.lxlO^'^ G - deduced from the dark current at +100 V). A rather lower 
resistance is observed in the sample of Poly-C; however the dark current is still below 25 pA at the 
same bias interval as displayed in figure (8.1.a). The highest dark current is observed in Poly-C 
which is believed to be attributed to the presence of defects, either presented in the bulk material or 
at the contact-material interface. The above results may indicate that the defects may be introduced 
in the carbon-diamond interface during the deposition of carbon onto the polycrystalline sample. 
These defects create energy state levels within the bandgap of the device. These defect levels 
increase the transition probability of electrons from valance band (VB) to conduction band (CB) 
via thermal excitation, A valence band electron can be thermally excited readily to a defect level 
and subsequently to the CB there by generating a free electron-hole pair. This kind of defect 
assisted in the thermal generation of electron hole pairs, which increase the magnitude of the dark 
current. Another possible explanation could be the carbon deposition process changed the sp  ^
bonds between the carbon atoms in the diamond surface, below the contacted area, into a sp  ^bonds 
which is more stable at room temperature. As such this surface area could be changed to a graphite
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film, which has a high conductivity leading to a reduction in the surface resistance after annealing 
which could contribute to the electrical conduction of the dark current.
In all three devices only a slight discrepancy from a symmetrical response was observed with bias, 
especially in Poly-C compared with the samples investigated in chapter 6 . In addition the three 
samples showed an ohmic behaviour at low bias range as shown in figure (S.l.d),
Under x-ray irradiation increasing the dose rate results in a positive shift in the curve. Generally, 
Poly-C shows the lowest photocurrent response among all the devices. This is due to the presence 
of defects introduced in the carbon-diamond interface (as described earlier). Under irradiation these 
defects capture free electrons and holes (created by ionisation within the detector) leading to a 
build-up of space charge. This in turn creates an internal electric field opposing the external field 
leading a reduction in photo current. Due to the low photocurrent and high dark current of this 
device, a low signal to noise ratio (SNR) is observed. This result is of the same order as suggested 
in previous reports (SNR ranging from 10 to 100) by Fidanzio et.al. [37, 38] for a polycrystalline 
CVD diamond sample with thickness of 50 pm under a dose rate ranging from 1.25 to 3.5 cGy/min. 
The photocurrent plots in figure (8.1.b) and (8.1.c) of Poly-C/Ni and Poly-Pt show a similar 
behaviour (the induced current at a positive bias is approximately the same at a negative bias - 
within 10 %). Furthermore, they show a high current compared to Poly-C device. It is believed that 
the addition of nickel to the carbon compensates for the effects of the defects within the carbon 
diamond interface due to its high conductivity. This is under further investigation. Also, from these 
plots the difference in the current response during irradiation (1.5 and 2.45 Gy/min) compared to 
the dark current suggest that the SNR of Poly-C/Ni and Poly-Pt maybe higher than 1000 within the 
bias range, if so this would satisfy the recommendations of the IAEA for medical dosimetry 
devices [45].
The significant increase in the current signal with increasing bias voltage can be explained as 
follows [93-96] where the higher the bias voltage, a greater charge collection was observed in the 
device and hence the rapid rate of e-h recombination phenomenon was overcome.
All current measurements for the subsequent characterisation of the three devices were performed 
at a bias of 50 V because it provided the best SNR as well as at the same time providing the 
optimum signal in terms of time response and stability.
8.1.1.2 Linearity and dose rate dependence
The aim of this section is to study the linearity of the photocurrent as a function of the dose rate for 
the three polycrystalline diamond devices. The induced current signals are obtained at different 
dose rates ranging from 15.5 to 245.5 (cGy/min) at a fixed bias voltage of 50 V. The three devices 
were pre-irradiated with an x-ray dose of -10 Gy before any measurements were taken. It should 
be noted that only a slight difference, in terms of the stability and time response, was observed
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before and after the pre-irradiation dose was performed, compared to the single crystal diamond 
devices investigated in chapter 6 .
Generally, figure (8.2.a) shows that the majority of the signals in the three samples display a step­
like change in current when irradiated with x-rays without observing the undesired effects such as 
priming or persistent photocurrent. In addition there is an increase in the photocurrent as the dose 
rate increases hut not at the same rate as can he seen in figure (8.2.h). It should he noted that the 
time difference between 90% and 100% and 10% and the minimum value (dark current) of the 
steady state (equilibrium) current is negligible. The stabilization time between 90% and 100% for 
the three samples is around 1.013+0.061 sec.
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Figure 8.2: (a) Current signals as a function of time and (b) dose rate dependence in the three 
samples at different dose rates ranging from 15.5 to 245.5 cGy/min. The measurements were 
performed under 50V bias voltage.
Figure (8.2.a) shows that the Poly-C sample has the lowest photocurrent response amongst the 
samples, while for Poly-C/Ni the photocurrent has the highest response with a high stability in the 
steady state current.
As previously mentioned in section 2.6 the linearity of the radiation detector, i.e. the variation of 
the current I as a function of the irradiated dose rate (D), is expressed using the Fowler relationship 
[31] eq. 2.29. Figure (8.2.b) displays the photocurrent versus dose rate of the three devices (Poly-C 
(black), Poly-C/Ni (red) and Poly-Pt (green)). The photocurrent values were extracted from figure 
(8.2.a) along with other similar plots. As seen for both Poly-C/Ni and Poly-Pt a relationship is 
observed between the current and the dose rate with similar A values of 0.86 and 0.85, respectively. 
These values indicate that there is an approx. uniform trap distribution in the interface between the 
metal and diamond. Part of the sub-linearity could be related to the structure of polycrystalline 
diamond, where the traps are distributed non-uniformly. A similar result was reported by Buttar et 
al. [82] for polycrystalline CVD diamond dosimeters with Cr/Au contact on both sides using 250 
kV X-rays, where a slightly non-linear relationship with dose rate (A -0 .9 1 ) was observed. The 
measured values of A, in both Poly-C/Ni and Poly-Pt have approx. the same order as the typical
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values suggested in the literature (0.86-1.035) [3, 33, 38-40, 82] for both PTW natural diamond 
and synthetic CVD diamond devices.
However for Poly-C the resulting “best” fit line seems to indicate a power relationship with a A 
value of 0.73. In contrast to the Fowler model, this can not be explained by a low trap density in the 
sample. The polycrystalline bulk is similar to those with C/Ni and Pt contacts in addition it contains 
a high density of traps in the grain boundaries which are non-uniformly distributed. This behaviour 
may be attributed to the principle that a specific density of traps must be present in order to make 
the signal increase linearly with the dose rate. However an excess of these trapping levels will lead 
to decrease the detector sensitivity and increase the polarization effect. It should be noted that the 
trapping levels not only originate from the defects present in the polycrystalline diamond bulk but 
also from the defects created near the carbon-diamond interface. As such a possible reason for the 
reduced A (sub linearity) comes from the trapping of the charge carriers at these trapping levels. 
The increase in space charge within this sample may be due to the deposited amorphous carbon 
producing a higher defect concentration in the diamond surface, below the contacted area. This 
could be formed when the incident carbon ions from the deposition process have a sufficient 
energy to remove carbon atoms from the diamond structure leaving behind vacancies in the lattice 
site. In addition the ejected carbon atom could be interstitial located between within the lattice. 
These two cases lead to a change in the lattice arrangement of the carbon atoms and also change the 
bonding between atoms, leading to a change in the electrical properties of the diamond. Henley et 
al., have shown in one of their works [97] that the velocities of the plume components during 
ablation of a graphite target during PLD can attain velocities up to 25 Km/sec. The corresponding 
energy of these components is -35 eV, which is enough to create vacancies in diamond. As for the 
carbon nickel target the plume components can attain velocities up to -7  Km/sec [98].
A very low A (non linear) value of 0.7 was reported for a polycrystalline CVD diamond sample in a 
previous report; the sub-linear relationship was attributed to the reduced charge collection 
efficiency of the sample with dose rate. This effect is attributed to the presence of traps which 
effects the dose rate dependence [37]. The higher the dose rates, the higher the e-h creation within 
the device leading to a higher probability that the traps within the detector will be filled. This build 
of space charge reduces the external electric field, consequently reducing the response of the 
device. This could be the reason for the non-linearity at this case.
8.1.1.3 Signal amplitude
As previously mentioned the sensitivity of the diamond devices was calculated by performing a 
linear regression on the experimental data of the photocurrent as a function of dose rate, as seen in 
figure (8 .2 .b).
Comparing the sensitivity parameters of the three devices there is a significant difference between 
the Poly-C, Poly-C/Ni and Poly-Pt devices. For the Poly-C device the sensitivity value was - 6
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nC/Gy, which could be due to the high density of defects and consequently the polarization effect. 
This value is consistent with previous reports [38, 99] by Descamps et al and Fidanzio et al who 
found a sensitivity of (2 -3) nC/Gy for polycrystalline diamond samples using a 6  MV X-ray 
photon beam with dose rates of 2 and 3.5 Gy/min respectively and a bias of 100 V. Their result was 
explained to be due to both the deposited energy decreasing with the beam energy increase, and the 
high defect concentration in polycrystalline material. As for Poly-C/Ni and Poly-Pt the sensitivities 
were found to be 65 and 37 nC/Gy, respectively.
For the three detectors reported here, specific sensitivities of about 3.8, 43.5 and 23.6 (nC Gy^ mm' 
)^, were obtained. Generally, the lower sensitivity in polycrystalline materials could be related to 
the higher density of defects in the grain boundaries in the bulk material and furthermore due to the 
low CCE as observed by alpha spectroscopy in chapter 9. The alpha spectroscopy suggests that the 
high density of trap levels existing in the grain boundaries in the crystal may trap a high percentage 
of the charge carriers, which could lead to a non uniform electric field across the device 
subsequently resulting in an inhomogeneous peak height response [1 0 0 - 1 0 2 ].
The value of Poly-C/Ni is nearly the same order as typical values suggested in the literature (50- 
135 nC/Gy.mm^) [3, 33, 38-40, 82] for PTW natural diamond and for polycrystalline CVD 
diamond (~ 77 nC/Gy.mm^ at a bias of 100 V) [37].
Therefore the sensitivity, and hence the specific sensitivity of any radiation detector depends on the 
type of electrical contact, the detector’s geometry (i.e. the contact area and the crystal thickness) 
and the applied bias voltage value. For example by doubling the contact area and halving the 
thickness of the crystal, in theory the sensitive volume remains the same however, the sensitivity 
and thus the specific sensitivity will be affected due to the following reasons. The first is the 
decrease in the distance over which the x-rays can interact with the diamond device as the crystal 
thickness decreases, secondly the resistance of the sample decreases as a combination of increased 
area and reduced thickness as stated by R=pd/A. Where d is the crystal thickness, A is the electrical 
contact area and p is the resistivity of the detector [33]. Finally there is an increase in the electric 
field as stated by E=V/d, when a constant bias is used.
It should furthermore be noted that there is a significant difference in SNR for the three devices. In 
case of Poly-C a very low SNR value of -70-80 was observed. This is due to the high dark current 
and its low photocurrent value. As for Poly-C/Ni and Poly-Pt the SNR is satisfactory as per the 
recommendations of the IAEA (report 374) [45] (higher than 1000) i.e. -3.3x10^ and -1 0 \ 
respectively. This is due to the very low dark current and relatively high photocurrent. From 
previous observations, it should be noted that Poly-C can be a promising detector in dosimetric 
applications if its dark current is reduced.
The measured value of the SNR, in Poly-C/Ni is nearly of the same order in previous reports by 
Galbiati et al. [60] who found a SNR of 3.3x10"  ^for single crystal CVD diamond with DLC/Pt/Au
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contacts on both sides when exposed to Co-60 y-rays at 100 V, In that report the DLC was 
deposited by DC magnetron argon sputtering. In another report [1] the SNR was 776 for single 
crystal diamond with a contact of nickel on one side and gold on the other side, which is consistent 
with the value of Poly-Pt.
The calculated values are acquired at a bias voltage of 50 V and a dose rate of 1.5 Gy/min, 
respectively. The results are shown in table (8.1). It is obvious from table 1 that Poly-C has the 
lowest gain whilst Poly-C/Ni has the highest photoconductive gain. The gain value of Poly-C/Ni is 
half the value suggested by Fidanzio et al [38] (-0.1) for polycrystalline diamond with dose rate 
and bias voltage of 3.5 Gy/min and 100 V, respectively.
Device voltage
^measured Idark
S D  ( A )
Igeneratcd
( A )
Gain
factor
Sensitivity
nC/Gy
Specific
Sensitivity
nC/Gy.mm^
SNR
Poly-C 50 1.60x10’® 7.40x10 " 2.15x10 " 4.16x10* 3.84x10'* 6 3.8 70-80
Poly-
C/Ni
50 1.82x10® 4.84x10 "  5 .5 x 1 0 " 4.16x10* 43.8x10'* 65 43.5 3300
Poly-Pt 50 1.01x 10® 3 .77x10"  1 x 1 0 " 4.16x10'* 24.3x10'* 37 23 ^ 1000
Table 8.1: The gain factor, sensitivity, specific sensitivity and SNR of the three devices were 
obtained with irradiation by a dose rate of 1.5 Gy/min and under bias voltage of 50 V.
The measured current in diamond under irradiation will depend directly upon the lifetime of the 
electron in the conduction band; if there is a rapid recombination involving defects (which can act 
as a trapping levels in the band gap) a reduction in the current will be seen.
The significant increase in the current signal with increasing bias voltage can be interpreted as 
described in previous reports [93-96] where the higher the bias voltage, the greater the charge 
collection in the device and hence the rapid rate of e-h recombination phenomenon can be 
overcome.
8.1.1.4 Time response (Rise and fall-off times)
The aim of this experiment is to measure the rise and fall-off times and the time dependency of the 
three different polycrystalline diamond samples. All current measurements were performed at a 
fixed dose rate and bias voltage of 1.5 Gy/min and 50 V, respectively. The rise time, Tio%-9 o%, is the 
time between 10% and 90% of the steady state current. The fall-off time is calculated by measuring 
the time between 90% and 10% of the steady state current. In order to obtain a reasonable estimate 
of the time needed to reach the stable detector current, the Keithley electrometer was set to record 
the current every 0.4 seconds.
Figure (8.3) shows that the three devices (Poly-C, Poly-C/Ni and Poly-Pt) have fast rise 
and fall-off times followed by a flat plateau. The rise times are approximately the same 
with 1.4,1.1 and 1.25 seconds, respectively. The observed fall-off time is -0 .4  seconds and
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limited by the equipment. It must be noted that a fast detector response time is important as 
it leads to the ability to detect sudden changes in the x-ray beam.
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Figure 8.3: (a) Time response and (b) magnified rise and fall-off times of the three samples under 
fixed bias voltage and dose rate of 50 V and 1.5 Gy/min, respectively.
Although the polycrystalline diamond material is known for having a high density of trapping 
levels (defects are present in the grain boundaries, in the bulk of the material or at the electric 
contact-diamond interface), we don’t observe the effect of thermal detrapping on the current signal 
(i.e. priming effect, the change in the current response (plateau not flat) during irradiation is time- 
dependent). This could be as a result of multiple trapping, in other words the thermal detrapped 
carriers is trapped again before participating in the current signal. Also, the same explanation can 
be used for the fast fall-off times as compared with the other samples.
Figure (8.4) displays the evolution of the photocurrent signal for the three polycrystalline diamond 
devices at a fixed bias of 50V as a function of time. The x-ray irradiation was set to 20 sec, 2.0 and 
5 minutes. All current measurements were performed at a fixed dose rate of 1.5 (Gy/min).
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Figure 8.4: Time evolution of the three samples at different durations of x-ray 
switching on times of 20 sec, 2 and 5 min. All current measurements were 
performed at a fixed dose rate of 1.5 Gy/min.
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It is clear from figure (8.4) that the current signals of the three samples are consistent and share the 
same slope during the start of the x-ray irradiation. Additionally, the current signals show very fast 
rise and fall-off times along with a very small time between 90% and 100 % of the equilibrium 
photocurrent and between 1 0 % and the stabilisation low current.
Contrary to my results Buttar et al. [82] found that for polycrystalline CVD diamond the initial 
current response to X-ray irradiation increased by ~ 20% with dose and saturates above an 
accumulated dose of ~ 6  Gy. This increase is believed to be due to the priming effect. In another 
report mentioned by Fidanzio et al [37] for polycrystalline CVD diamond the saturation of the 
current response after a given accumulated dose of ~5 Gy is obtained. This is believed to be due to 
filling of the trapping levels leads to equilibrium between the trapping and detrapping of charge 
carriers which leads to a constant recombination time under a constant dose rate.
8.1.1.5 Reproducibility
The standard deviation (SD) expresses the errors which result in the instability in the photocurrent 
measurement meter and/or irradiation-non reproducibility.
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Figure 8.5: Reproducibility of the three samples at fixed bias voltage and 
dose rate of 50 V and 1.5 Gy/min, respectively.
According to figure (8.5) along with the data provided in table (8.2) reasonable reproducibility 
(<0.5%) is obtained for the three devices Poly-C, Poly-C/Ni and Poly-Pt (i.e. 0.46, 0.26 and 0.37 
%, respectively), which is satisfies the recommended limit of the IAEA for dosimetric assessments. 
It demonstrates the high stability (low fluctuation) of the steady state current during several x-ray 
irradiations. The values are consistent with typical values reported in previous work (0.32 %) by 
Arnaldo Galbiati [60] for a single crystal diamond having a DLC/Pt/Au contact exposed to 
irradiation of Co-60 y-rays at an electric field of 0.2 V/pm. They are also consistent with those 
reported by Fidanzio et.al, [37] who found a reproducibility of -0.5% for polycrystalline CVD 
diamond after pre-irradiation with 5 Gy.
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Sample
No. of 
re-use
Average
current
SD
Reproducibility
: %
j s t 1.6e-10 7.36e-13 0.459
2 nd 1.59e-10 7.40e-13 0.464
Poly-C 3 rd 1.61e-10 7.43e-13 0.459
1.60e-10 7.40e-13 0.461
1.81e-9 4.22e-12 0.233
2 nd 1.82e-9 4.07e-12 0.223
Poly-C/Ni
6.23 e-12d 1.83e-9 0.341
E 1.82e-9 4.84 e-12 0.266
j s t l.Ole-9 3.62e-12 0.358
2 nd l.Ole-9 3.40e-12 0.336
Poly-Pt 3 rd 1.Ole-9 4.30e-12 0.425
E l.Ole-9 3.77e-12 0.373
Table 8.2: Reproducibility of the three polycrystalline diamond samples under 
fixed bias voltage and dose rate of 50 V and 1.5 Gy/min, respectively.
8.1.2 Summary and Conclusions
The purpose of this study was to take the first step in the development of x-ray dosimeters which 
were as close to tissue equivalent as possible using PLD to deposit Carbon electrodes on 
polycrystalline diamond. In both Poly-C/Ni and Poly-Pt the dark currents are very low (below a 
few pA between -200 V and +200 V). Poly-C shows a relatively high dark current, however this is 
still below 25 pA at the same bias interval.
Poly-C shows the lowest photocurrent response among all the devices (i.e. the current response of 
the three devices are 1.6x10'^°, 1.8x10'^ and 1.01x10  ^A, respectively). The majority of the signals 
in the three devices display a step-like change in current when irradiated with x-rays without 
observing undesired effects such as the priming and the persistent photocurrent, due to the multiple 
trapping effects.
In Poly-C/Ni and Poly-Pt A values of 0.86 and 0.85 were obtained respectively from a plot of the 
current as a function of dose rate. For Poly-C the resulting “best” fit line seems to indicate a power 
relationship with a lower A value of 0.73. It should be noted that linearity can only be achieved if 
there is a suitable density of defects however if these defects increase above a certain level a 
degradation in the detector sensitivity and polarization is seen. This suggests that the carbon 
contact is characterized by an increase in the density of trapping levels at the carbon-diamond 
interface. It should be noted that the dose rate dependence could be related to the nature of the 
polycrystalline diamond.
Comparing the sensitivity parameters of the three devices there is a significant difference between 
the Poly-C, Poly-C/Ni and Poly-Pt devices (i.e. 6 , 65 and 37 nC/Gy, respectively).
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Reasonable reproducibility (<0.5%) under irradiation is observed for the three devices (i.e. 0.46, 
0.26 and 0.37 %, respectively) which satisfy the recommendations of the IAEA 
In case of Poly-C a very low SNR value of -70-80 was observed. As for Poly-C/Ni and Poly-Pt the 
SNR is satisfactory as per the recommendations of the IAEA (report 374) (higher than 1000) i.e. 
-3.3x10^ and -10^, respectively.
The rise time of the three devices have approximately the same values of 1.4, 1.1 and 1.25 seconds, 
respectively. Also, the fall-off times of the three devices are less than -0.4 second. This fast time 
response was related to the multiple trapping effects.
Finally, Poly-C/Ni successfully satisfied majority of the dosimetric requirements set out within the 
international standards.
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8.2 Single crystal CVD diamond with C/Ni contact (SC-C/Ni)
Due to the superior properties of the polycrystalline diamond with a contact of C/Ni (at.80:20), 
Poly-C/Ni, in comparison to the previous polycrystalline devices investigated as x-ray dosimeters, 
another device with the same electrical contact (C/Ni (at.80:20) was produced using the same 
technique, on a single crystal CVD diamond material. This device was labelled SC-C/Ni.
8.2.1 Electrical characterisation and x-ray measurements
8.2.1.1 I-V characteristics
Figure (8 .6 ) shows the current-voltage characteristic of the SC-C/Ni diamond devices in dark 
conditions and under X-ray irradiation. As before the irradiated curves were obtained at two 
different dose rates of 1.5 and 2.45 Gy/min with the bias voltage is applied to the top contact 
varying from -150 V to +150 V in steps of 2 V.
It is obvious from figure (8 .6 ) that in the SC-C/Ni device the dark current has a low value (below 
30 and 18 pA at -150 V and +150 V, respectively) resulting in a high resistivity (~5xl0'^ fl.cm - 
deduced from the highest dark current at -150 V). It should however be noted that this resistivity is 
less than that of Poly C/Ni (1.1x10^'' Q.cm at 100 V). Additionally, there is a slight difference in 
the I-V plot at negative and positive bias of the SC-C/Ni device.
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Figure 8 .6 : I-V characteristics of the SC-C/Ni diamond detector both in dark 
conditions and under different dose rates of 1.5 and 2.45 Gy/min.
Under x-ray irradiation increasing the dose rate results in a positive shift in the curve as seen in the 
green and red plots in figure (8 .6 ). Additionally, the photocurrent plots in figure (8 .6 ) of the SC- 
C/Ni show a similar behaviour staring from bias voltages higher than 50 V and less than -50 V (the 
induced current at a positive bias is approximately the same at a negative bias - within a factor of 7 
%). However, the two curves look systematically different in the range of -50 to 50 V. 
Furthermore, figure (8 .6 ) shows a high difference ratio between the irradiated plots and the dark 
current plot and a SNR is higher than 1000, satisfying the recommendations of the IAEA [45].
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8.2.1.2 Linearity and dose rate dependence
From section (8.2.1.2) all the experiments performed on the SC-C/Ni device were undertaken with 
a fixed bias of 50 V. Also, prior to any measurements the SC-C/Ni was pre-irradiated with an x-ray 
dose of -10 Gy. The experiments starting from section (8.2.1.4) were performed under irradiation 
with a test dose rate of 1.5 Gy/min.
This section is used to discuss the linearity of the photocurrent as a function of the irradiated dose 
rates for the SC-C/Ni diamond devices. The dose rates are changed from 15.5 to 245.5 (cGy/min).
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Figure 8.7: Dose rate dependence of the SC-C/Ni at different dose rates
ranging from 15.5 to 245.5 cGy/min. The measurements were performed
under 50V bias voltage.
Figure (8.7) shows the linearity of the photocurrent as a function of the dose rate for the SC-C/Ni 
device. A linear relationship was observed between the current and the dose rate for the SC-C/Ni 
device with A value of 0.97 obtained, as compared to the Poly-C/Ni (-0.86) device. This value 
indicates two things; firstly there is an approximately uniform distribution of the traps within the 
single crystal device and secondly, by using a single crystal, the diamond device with C/Ni contact 
shows a linear current response with dose rate obtained. The comparison of the A values from the 
polycrystalline samples and the single crystal sample (SC-C/Ni) showed that A is changing 
according to the nature of the detector material.
The measured value of A for the SC-C/Ni is consistent with the typical values reported by 
Descamps et al. [99] (0.98) for SC CVD diamond, with an electrical contact of 50 nm gold, using a 
linear accelerator with 6  MV x-ray photons at varying dose rates from 1 to 6  Gy/min. Furthermore 
the measured values are consistent with De Angelis et al. [103] with value of 0.98 for PTW natural 
diamond using 6  MV photon beam at varying dose rates from 0.9 to 4.65 Gy/min was measured at 
100 V.
8.2.1.3 Signal amplitude
Performing a linear regression on the data points obtained from the dose rate dependence of the
SC-C/Ni diamond device, as seen in figure (8.7), a high value for the device sensitivity was
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calculated to be -7.8 pC/Gy. This suggests that the largest sensitivity is obtained with a SC-C/Ni 
device while Poly-C/Ni device shows a sensitivity value of 65 nC/Gy, suggesting the sensitivity of 
the SC-C/Ni is higher (-120 times) than that of the Poly-C/Ni. This could be attributed to the lower 
density of defects in the single crystal material leading to a higher CCE than the polycrystalline 
samples as supported by the alpha spectroscopy measurements in chapter 9 of this thesis.
A high sensitivity value was reported by Cirrone et al. [40] with a value of 1,19 pC/Gy for 
commercial CVD diamond, produced by De Beers, using 6  MV photon beams. It is believed that 
the high sensitivity comes from the low concentration of defects within the single crystal [99]. The 
specific sensitivity of SC-C/Ni reported here is -  4.87 pC/Gy.mm^.
Table (8.3) shows the generated current within the crystal and the measured current in the external 
circuit and from these two currents the photoconductive gain is calculated. All these measurements 
were performed at a bias and a dose rate of 50 V and 1.5 Gy/min, respectively.
It is obvious from table (8.3) that SC-C/Ni has a high photoconductive gain. The gain value of the 
SC-C/Ni (-20) is approximately 450 times greater than the typical value of Poly-C/Ni (-44x10'^) 
as mentioned in section (8.1.1.3). The high photoconductive gain in SC-C/Ni could be attributed to 
the sensitization effects as described in chapter 6  and chapter 9 with the alpha spectroscopy of this 
sample suggesting that holes suffer from a larger amount of trapping than electrons. This suggests 
that the gain originates from electrons.
ip f p ï" :  B ias  
D ev ice  vo ltage
Imeasured
V M M -
Idark Igencratcd
SD (A) (A)
G ain
fa cto r
Sensitivity
pC/Gy ,^j„ 3
SNR
g g g / N i  50 2.12x10'^ 1.1x10’ 2 .9 x 1 0 "  1.06x10'® -20 7.8 4.87 7.2x10®
Table 8.3: The gain factor, sensitivity, specific sensitivity and SNR of SC-C/Ni were obtained 
with irradiation by a dose rate of 1.5 Gy/min and under bias
To obtain a detector photoconductive gain greater than one a number of basic requirements should 
be fulfilled i.e. ohmic contacts must be used otherwise the electrostatic equilibrium forbids charge 
injection and as such gain, the average life time of charge carriers produced by the incident 
irradiation, x, should be greater than the transit time of the charge carriers, Tr, (time required for the 
carriers to move from one electrode to the other one).
The measured current under irradiation depends on the lifetime of the free electron in the 
conduction band as described before; where rapid recombination, involving trapping levels in the 
band gap, will lead to a reduction in the photocurrent. The significant increase in the current signal 
with increasing bias voltage can be interpreted as described in previous reports [93-96] where the 
higher the bias voltage, the greater the charge collection in the device and hence the rapid rate of e- 
h recombination phenomenon can be overcome.
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A very high photoconductive gain was obtained in previous reports with values from 6x10"^  to 10^  
[32, 35, 83]. A photoconductive gain investigated by Lohstroh et al. [32] for a low purity SC CVD 
diamond (containing thin nitrogen rich layers at different distances from the substrate area), grown 
by Element Six Ltd (UK), was used for X-ray dosimetry. However, it has been found in other 
reports that a slow fall-off time is accompanied with the high photoconductive signal which decays 
to the background level [35, 83].
8.2.1.4 Time response (Rise and fall-off times)
As previously mentioned the aim of this section is to measure the rise and fall-off times of the SC- 
C/Ni diamond samples. All measurements were achieved under irradiation by a dose rate and at a 
bias voltage of 1.5 Gy/min and 50 V, respectively. For a good estimate of the time to reach the 
stable detector current, a Keithley electrometer was set to record the current with a sampling time 
of 0.4 seconds.
Figure (8 .8 ) shows a fast rise and fall-off times for the SC-C/Ni device. A rise time of about 2 
seconds and fall-off time of -0.56 seconds (the minimum time value measured in polycrystalline 
samples was -0.4) is observed. These values are slightly higher (slower) than the time response of 
the Poly-C/Ni device due to the thermal detrapping carriers. The current plateau is inclined due to 
filling of the trapping levels in the band gap of the material until it saturates when an equilibrium 
rate of trapping and detrapping is achieved. A fast time response is required of any radiation 
detector as it leads to the ability to detect sudden changes in the x-ray irradiation.
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Figure 8.8: (a) Time response and (b) magnified rise and fall-off times of the SC-C/Ni at bias 
voltage and dose rate of 50 V and 1.5 Gy/min, respectively.
The measured values of the rise and fall-off times for the SC-C/Ni is consistent with the typical 
values reported by Deseamps et al. [99] (1.29 and 0.78 seconds, respectively) for synthetic single 
crystal CVD diamond and (2.08 and 1.58 seconds, respectively) for PTW natural diamond under 
irradiation with medical linear accelerators. They mentioned that part of these values could be 
modified according to the electronic device set-up.
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A significant fastly time response was obtained in a previous report by Arnaldo Galbiati [60] with a 
value of 0.2 seconds for a single crystal CVD diamond with DLC/Pt/Au contacts when the Co-60 
y-ray source was switched on or switched off. He suggests that this fast response shows that there is 
no memory or pumping effect.
Figure (8.9) displays the evolution of the photocurrent signal for the SC-C/Ni diamond devices as a 
function of time. The x-ray irradiation was set to 20 sec, 2.0 and 5 minutes.
As previously discussed with Poly-C/Ni in section (8 .1.1.4), figure (8.9) shows that the current 
signals of the SC-C/Ni are consistent and share the same slope during the start of the x-ray 
irradiation. The current signals show a fast rise and fall-off time with values slightly slower than 
that of Poly-C/Ni. This similarity in time response comes from the calculation of the rise time from 
the time difference between 10-90% of the amplitude. It should be noted that the current signals in 
the SC-C/Ni device do not show a step-like change in current as seen in the polycrystalline 
samples. This believed to be attributed to the priming effects, from thermal detrapping of the 
shallow trapping level defects. As explained before following pre-irradiation at room temperature, 
the deep traps have been filled and are passivated. However the shallow traps are unstable at room 
temperature, because after they are filled following irradiation they are continuously releasing 
charge carriers from the trapped levels as a result of thermally stimulated emission. As such after 
pre-irradiation the device will operate with completely filled and stable deep trap levels, whilst 
there is a balance between Filing and releasing of the charge carriers from the shallow trap levels.
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Figure 8.9: Time evolution of the SC-C/Ni at different durations of x-ray 
switching on times of 20 sec, 2 and 5 min. All current measurements were 
performed at a bias voltage and a dose rate of 50 V and 1.5 (Gy/min), respectively.
The time difference between 90% and 100 % of the equilibrium current in SC-C/Ni is slightly 
higher than in Poly-C/Ni which initially gives impression that SC-C/Ni is significantly slower than 
Poly-C/Ni. This observation means that there is an increase in the photocurrent as when the 
accumulated dose increases then the current saturates as an equilibrium is obtained between the
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detrapping and trapping of the charge carriers. Meanwhile the time between 10% and the 
stabilisation low current in SC-C/Ni is similar to Poly-C/Ni i.e. without observing the undesired 
effects such as the persistent photocurrent.
8.2.1.5 Reproducibility
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Figure 8.10: Reproducibility of the SC-C/Ni at fixed bias voltage and dose 
rate of 50 V and 1.5 Gy/min, respectively.
Looking at the obtained data in table (8.4) which was extracted from figure (8.10) a reproducibility 
close to that recommended by the IAEA (~ 0.504%) is obtained for the SC-C/Ni under x-ray 
irradiation and bias voltage of 1.5 Gy/min and 50 V, respectively. It should be noted that this value 
is consistent with the results obtained from Poly-C/Ni under the same conditions. This is indicative 
of a low fluctuation in the signals. This value is consistent with the results reported by Arnaldo 
Galbiati [60] (-0.32 %) for a single crystal diamond with a deposition of DLC/Pt/Au on both sides 
under irradiation by Co-60 y-rays at an electric field of 0.2 V/pm. In another report, a superior 
reproducibility (-0.1%) was obtained after several irradiations, with 6  MV medical linear 
accelerator, for SC CVD diamond however a deteriorated stability (-4%) was seen at higher dose 
rates.
Sample
No. of 
re-use
Average
current
(A)
SD Reproducibility %
P‘ 2.149e-7 1.102e-9 0.51
2 nd 2.155e-7 1.056e-9 048
SC-C/Ni
3 rd 2.156e-7 1.137e-9 Qj2
E 2.154e-7 1.098e-9 0.504
Table 8.4; Reproducibility of the SC-C/Ni diamond sample under fixed bias 
voltage and dose rate of 50 V and 1.5 Gy/min, respectively.
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Using the data obtained from figure (8.10) to measure both the average currents under irradiation 
and dark current a significant high signal to noise ratio (SNR) was observed for the SC-C/Ni 
device. The SNR is satisfactory as per the recommendations of the IAEA (>1000) i.e. -7.2x10^. 
This value is more than two times greater than the Poly-C/Ni (-3.3x10^) value.
The SNR of the SC-C/Ni is consistent with a value reported by Arnaldo Galbiati [60] who found a 
SNR of 3.3x10"  ^ for single crystal CVD diamond with DLC/Pt/Au contacts on both sides when 
exposed to Co-60 y-rays at 100 V. In the report the DLC was deposited by DC magnetron argon 
sputtering. In another report [I] the SNR was 776 for single crystal diamond with a contact of 
nickel on one side and gold on the other side.
8.2.2 Summary and Conclusions
The purpose of this part of my study was to develop near-tissue equivalent x-ray dosimeters based 
on free standing single crystal diamond with C/Ni electrodes deposited using PLD. In the SC-C/Ni 
sample the dark current was low (below 30 pA between -150 V and +150 V) with high resistivity 
of ~5xlO^^ üi.cm.
After replacing the polycrystalline diamond (Poly-C/Ni) with a single crystal diamond (SC-C/Ni) 
device, the linear current response with dose rate improved with a A value change of 0.86 to 0.97. 
This suggests that A is changing according to the nature of the detector material.
The sensitivity and specific sensitivity of the SC-C/Ni device showed a value of -7.8 pC/Gy and 
4.87 pC/Gy.mm^, respectively. The higher sensitivity in SC-C/Ni than in Poly-C/Ni is believe to be 
due to the lower density of defects than in the polycrystalline samples and the higher CCE in the 
single crystal sample (SC-C/Ni) as seen in alpha spectroscopy. The gain value of the SC-C/Ni 
(-20) device is approximately 450 times greater than the typical value of Poly-C/Ni. The high 
photoconductive gain in SC-C/Ni could be attributed to the sensitization effects, with the alpha 
spectroscopy of this sample suggesting that holes suffer from a greater quantity of trapping than 
electrons. This suggests that the gain originates from the electrons rather than the holes.
A reproducibility close to that recommended by the IAEA (-  0.504%) is obtained for the SC-C/Ni. 
The SNR was satisfactory as per the recommendations of the IAEA (>1000) i.e. -7.3x10^. This 
value is more than two times greater than the Poly-C/Ni (-3.3x10^) value. The SC-C/Ni device 
shows a fast time response, with rise and fall-off times of -2  and -0.56 seconds, respectively. 
These values are slightly slower than the time response of the Poly-C/Ni device due to thermal 
detrapping of the shallow trapping level defects as they are unstable at room temperature.
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9 Alpha spectroscopy of single crystals
The range of a 5.49 MeV alpha particles within diamond is of the order of 15 pm [17] (and as such 
very close to the surface of the detector). For this reason when irradiating the surface of the 
detector where a positive bias is applied (anode), the majority of the signal produced within the 
device will be from holes. This is due to the electron hole pairs being produced close to the anode 
and as such the holes travel though almost the entire thickness of the device till they reach the 
ground whereas the electrons move through only a small portion of the device till they reach the 
anode. It is therefore possible to investigate the properties of electrons and holes separately by 
changing the applied bias to the irradiated surface. In this chapter alpha spectroscopy was 
performed for four single crystal CVD diamond samples (SC-C/Ni, HPS-Pt, VS-Pt and HPS- 
Al/Pt).
9.1 Alpha spectroscopy of the SC-C/Ni
In this section, alpha spectroscopy characterization of a single crystal CVD diamond with 
Carbon/Ni electrode fabricated by Pulsed Laser Deposition (PLD) will be reported. The 
characteristics studied are energy resolution, charge collection efficiency (CCE) and mobility­
lifetime (px) product using a 3.5 kBq "^^ A^m alpha source which has an emission energy of 5.49 
MeV.
9.1.1 Alpha spectra
Figure (9.1) shows the spectra of the “^^^Am of 5.49 MeV alpha particles (3.5 kBq) acquired with 
the SC-C/Ni diamond device at different bias voltages (negative and positive bias, drift of electrons 
and holes, respectively) ranging from 50 to 200 V. with an increase in negative bias voltage the 
centroid peak is shifted to a higher energy position and the resolution is improved. It should be 
noted that as the negative bias is increased past a certain bias (< -50 V) there is only a slight shift in 
the centroid peak position and also there is no broadening in the peaks which gives the impression 
that after this bias there is a hardly any further increase in the charge collection efficiency. 
However there is a change in the amplitude with the bias as seen in figure (9. La). Additionally, this 
figure displays that the peak is resolved at all bias voltages.
However, at a positive bias (hole transport) the behaviour of the device is slightly different i.e. the 
centroid channel number (peak position) is far lower than that of an equivalent negative bias. This 
gives the impression that the charge collection efficiency increases more slowly with the positive 
bias and has not yet reached the plateau level at 300V. Furthermore, there is no significant change 
in the peak amplitude with the bias and there is an increase in peak broadening as shown in figure 
(9. Lb). Lastly, the number of counts in the centroid channel under an applied positive bias is lower
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than that at an applied negative bias, demonstrating a lower counting efficiency. This contrast is 
believed to be due to the polarization effects.
All these observations give the impression that the electron transport properties for SC-C/Ni are 
superior to that of hole transport.
It should be noted that the experiments were repeated twice to investigate the reproducibility of the 
measurements. The repeat measurements showed reasonable reproducibility for this sample.
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Figure 9.1: Alpha spectra of the SC-C/Ni diamond device under "^^‘Am a-source at (a) negative 
bias (b) positive bias.
This trend was also observed by Lohstroh et. al [48] for a single crystal CVD diamond irradiated by 
'^^ ^Am alpha source. They displayed that the hole spectra are very sensitive to polarization effects 
due to the build up of an internal electric field. This behaviour was seen to improve at a negative 
bias.
9.1.2 Energy resolution
The energy resolution of the diamond device, AE/E %, is defined as the ratio of the full width at 
half maximum, FWHM (keV), to the energy of the alpha source, E^ (keV),
E E„(keV)
Because of the asymmetry in the shape of the peak, the results of the Gaussian fit (used to 
determine the centroid location and FWHM) are sensitive to where you define the region of interest 
(ROI) included in the fit. In this particular case various ranges were chosen for the ROI and it was 
found that the maximum variation in both the centroid position and FWHM are ~ 0.5%.
By fitting Gaussian curves to the main peaks of the diamond spectra, the FWHM of 160 keV for 
negative bias (for electron transport) and consequently AE/E^ ~ 3 %, was found at -150 V. As for 
the positive bias, as a result of the broadening peaks, as shown in figure (9.1.b), it is seen that the 
value of the FWHM is higher than its corresponding value at the negative bias and it reaches a
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value of around 400 keV (AE/E,, ~ 8.5 %) at 150 V. It should be noted that even at high voltages 
the FWHM of the spectra is still large. The relatively broad width of the FWHM, which reduces the 
energy resolution, for hole transport is caused by a high density of hole traps, combined with a non 
uniform distribution for the electric field.
The measured values of the FWHM, at negative bias, are consistent with the typical value (-3%) 
suggested by Galbiati et al [60] for a single crystal diamond having DLC/Pt/Au contacts when 
exposed to a '^^ ^Am 5.49 MeV alpha source. The comparison shows a good agreement between the 
experimental and the published data.
A very low FWHM and energy resolution of -17-20 keV and 0.4-1% [27, 28], was observed for 
single crystal CVD diamond devices with Cr/Au contacts irradiated using both "^^ A^m and mixed 
nuclide ^^ ^Pu, '^^ ^Am, "^^ "^ Cm alpha sources. A possible explanation for the superior performance in 
that case could be related to the experimental setup where the author has collimated the beam of 
alpha particles so that they are only incident on the contact region (region with a uniform electric 
field). Whilst during the experiments carried out at the University of Surrey both the contact and 
bulk of the sample are irradiated. This includes the edge of the contact which is likely to suffer 
from a non-uniform electric field (edge effects). The energy resolution is believed to be related to 
both the life time of the charge carriers [104] and the CCE [28]. In other work AE was found to be 
14 keV for commercially available Silicon Pin diode detectors under the same conditions [27, 28].
9.1.3 Charge Collection Efficiency and Mobility-lifetime product
As previously mentioned the CCE of a radiation detector can be calculated according to the Hecht 
equation [73], see equation 2.26.
Figure (9.2) shows the obtained CCE and the corresponding Hecht equation fit under the 3.5 kBq 
alpha source of 5.49 MeV of the SC-C/Ni diamond device for both electrons (negative bias) and 
holes (positive bias).
It is clear from figure (9.2) that at negative bias (electron drift) high CCEs > 90% are obtained over 
a wide range of bias starting from -40 V and a max CCE of -100% is observed. Additionally, a 
high mobility-lifetime (peXe) product is estimated (-1.16x10^ ±3.4x10'^ cm^.V^).
As for positive bias (hole drift), it is obvious that the CCE plot differs from that which is obtained 
at negative bias. The CCE increases with bias reaching a maximum CCE value of -89%. High 
CCEs are achieved at high bias voltage due to the increased number of collected charge carriers at 
higher bias. However the CCE does not reach a plateau over the voltage range, subsequently a 
significant lower mobility-lifetime (ph^h) product of -1.55x10'^ ±1.1x10'^ (cm^.V^) is obtained for 
holes, which indicates that the transport properties of the holes are worse than that of the electrons.
137
CCE of C/Ni for electrons & holes under 3.5 kBq
1.0  - -
LU 0 .6 - -  Üo
0.4 - -
#  CCE (electrons)
•  CCE (holes)
 regression (electrons)
 regression (holes)
0.2
0.0
150 2000 50 100 250 300
Bias voltage ( volt )
Figure 9.2: The CCE and the Hecht plot of the SC-C/Ni diamond device as a 
function of both negative and positive bias.
Although generally it is reported that the hole mobility in diamond is higher than the electron 
mobility however in this sample the CCE of electrons is higher than of holes. This could be related 
to a high density of hole traps. All the previous observations confirm that the electron transport 
properties in this sample are better than that of the hole transport ones.
9.1.4 Summary
Spectroscopic response of a SC-C/Ni diamond detector to alpha particles has been studied. In the 
case of electron drift, a CCE higher than 90 % has been observed at a bias of -40 V and 100 % 
CCE at -300 V. In the case of hole drift, a lower CCE of 89 % was observed at bias of 300 V.
The SC-C/Ni sample showed a superior electron energy resolution of ~3 % to 5.49 MeV alpha 
particles than the corresponding value for hole drift which was -8.5 %. Additionally, a mobility­
lifetime (pe'Ce) product for electrons was estimated at -1.16x10 cm .^V'  ^ and a mobility-lifetime 
(PhTh) product for holes at -1.55x10  ^cm^.V \
These observations suggest that the electron transport properties for SC-C/Ni is superior to that of 
hole transport. This is believed to be due to the presence of deep (hole) traps within the material.
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9.2 SC-C/Ni compared with HPS-Pt, VS-Pt and HPS-AI/Pt
Table (9.1) shows the dosimetric characteristics of the single crystal CVD diamond with C/Ni 
contact, SC-C/Ni, in comparison with the three single crystal diamond samples (HPS-Pt, VS-Pt and 
HPS-Al/Pt) discussed in chapter 6 . All the measurements were performed at a bias voltage of 50 V,
HPS-Pt VS-Pt HPS-Al/Pt
Dark current (pA) 2.8x10" 3.8xl0 '3 4.8x10'^ 2.1x10"
Photocurrent (A) 2.15x10? 2.24x10* 1.1x10% 7.16x10*
Signal to Noise Ratio 
(SNR) 7.6x103 5.9x103 2.3x103 3.4x10*
Linearity (A) 0.97 0.95 1.014 0.97
Sensitivity (nC/Gy.mm^) 4870 185 2380 600
Gain factor 20 0.72 10 2.3
Reproducibility (%) 0.5 1.24 0.81 0.35
Rise time (sec) 2 ~3 sec ~7 sec -4.5 sec
Fall-off time (sec) 0.56 ~3 sec ~3 sec -3  sec
Table 9.1: Summarize of the dosimetric properties for the SC-C/Ni, HPS-Pt, VS-Pt 
and HPS-Al/Pt devices.
Looking at table (9.1) it can be seen that the SC-C/Ni detector has several advantages, in terms of 
dosimetric properties, over the detectors with conventional metals contact (HPS-Pt, VS-Pt and 
HPS-Al/Pt). For example, the SC-C/Ni detector had a higher photocurrent, higher SNR, higher 
sensitivity and faster time response when compared with the other detectors. However, the SC- 
C/Ni showed a relatively high dark current which at current appears to be the only drawback 
compared to the other three devices. The reasoning behind the higher dark current is still under 
investigation.
It is also worth comparing the response of the detectors with metal contact devices (HPS-Pt, VS-Pt 
and HPS-Al/Pt) to alpha particles, with the response of SC-C/Ni detector. The following sections 
present the alpha spectroscopy results of the three devices.
9.3 Alpha spectroscopy of HPS-Pt
9.3.3 Alpha spectra
Figure (9.3) shows the spectra of the 3.5 kBq "^^ A^m alpha-source of 5.49 MeV measured with the 
HPS-Pt diamond sample at negative and positive bias voltages (electrons and holes drift, 
respectively). It is clear from figure (9.3) that the alpha spectra of the HPS-Pt at both negative 
(electrons transport) and positive (holes transport) bias is approximately the same for the peak 
amplitude (counts), the location of the main peaks (centroid), the FWHM (keV) of the main peak 
and consequently the energy resolution. It should be noted that there is a slight shift in the centroid
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positions when the negative and positive bias are increased, which indicates that the detector is 
operating at a saturated CCE. A slight difference in the obtained spectra was observed with a slight 
increase in the number of counts in the centroid channel at higher biases and slight decrease in the 
FWHM. This indicates that more and more charge carriers are collected at these voltages. 
Additionally, figure (8.15) displays that the peak is well resolved.
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Figure 9.3: Alpha spectra of the HPS-Pt diamond device under '^^ ^Am a-source at (a) negative 
bias (b) positive bias.
9.3.4 Energy resolution
From Gaussian fitting of the main peaks of the alpha spectra obtained from the HPS-Pt diamond 
sample, the FWHM (AE) of -90 keV for negative bias (for electron transport) and consequently 
AE/Ea is equal to 2 + 0.05%, was obtained. Similarly for positive bias, the AE is -75 keV at the 
FWHM and consequently AE/Ea is equal to 1.5 ± 0.05%. These values give the impression that this 
device has approximately similar characteristics for both electron and hole transport.
9.3.5 Charge Collection Efficiency and Mobility-lifetime product
Figure (9.4) shows the CCE of the HPS-Pt diamond sample as a function of bias voltage (negative 
and positive) under 3.5 KBq "^^ A^m alpha-source of 5.49 MeV. The bias voltage varies from 50 to 
500 V. The CCEs values are fitted using the Hecht equation [73].
It is clear from figure (9.4) that there is a slight difference of the CCE plot for holes and electron 
transport. Maximum CCEs of -100% were obtained for both electron and holes. The CCE reached 
the saturation level at a lower positive bias than negative bias, suggesting that holes are less 
affected by trapping than electrons.
The mobility-lifetime (ph^h) product of the holes is -2.5 times greater than the mobility-lifetime 
(PeV) product of the electrons (-8.57x10  ^ ±3.6x10  ^ and -3.45x10 '*’ ±8.9x10'^ cm .^V'  ^ for holes 
and electrons respectively). All the previous observations confirm that the hole transport properties 
in this sample are better than that of electron transport.
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Figure 9.4: The CCE and the Hecht plot of the HPS-Pt diamond sample as a 
function of both negative and positive bias.
Since the first (SC-C/Ni) and the second (HPS-Pt) samples have the same bulk characteristics, it 
was expected to have the same pi, however it was found that there is a difference in the pr values 
derived from the Hecht equation.
Polarization effects, which lead to a non-uniform electric field through the sample, could be a 
possible explanation. As one of the assumption of the Hecht Equation the electric field is 
distributed uniformly through the sample. Furthermore the electrical contact on the sample may 
affect the distribution of the electric field.
It is noticed in the first sample that the peXe value is greater than the ph%h value whereas in the 
second sample phih is greater than peXg. Similar results have been found by other researchers. This 
difference can be attributed to the difference in the quality of the crystal or the experimental setup. 
Also Pomorski et al [27, 28] collimate the alpha particles to ensure that they are only incident on 
the contact area (region with a uniform electric field), which could affect the extract px value.
9.4 Alpha spectroscopy of the VS-Pt
Figure (9.5) shows the alpha spectra and the CCE of the VS-Pt diamond device at a positive bias 
voltage (hole drift) using the "^^ A^m alpha source of energy 5.49 MeV.
Until +150 V, as the positive bias increases, both the centroid location is shifted to higher energy 
and the peak amplitude is increased. Following this bias, there is only a slight change in both the 
peak amplitude and the centroid location as shown in figure (9.5.a). Additionally, this figure shows 
that the peaks are well resolved.
It should be noted that the energy resolution improves with bias until ~ +250 V followed by a 
constant value. A FWHM of -70 keV and AE/Eg equal to 1.40 + 0.05%, is obtained. A possible 
explanation for the decrease of FWHM with bias could be related to the hole transport as follows. 
At a low bias, the drift time is long resulting in a high chance for holes to be trapped, whereas at
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higher biases, the drift time is shorter and consequently the probability of trapping is less. So the 
larger broadening is obtained at low biases compared to higher biases.
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Figure 9.5: (a) the alpha spectra and (b) CCE and the Hecht plot of the VS-Pt diamond 
sample as a function of the positive bias.
Figure (9.5.b) show CCE values and the Hecht fit for the VS-Pt as a function of positive bias. It is 
clear from figure (9.5.b) that there is consistency between the experimental data and the Hecht 
equation fitting and high CCEs >93% are obtained over a wide range of bias starting from 4-50 to 
4-450 V. The extracted mobility-lifetime (ph'th) product is -1.1x10 “^ ±2.9x10'^ (cm^.V '). The 
change in the pi from sample to another sample could be related to the difference in the crystal 
quality, i.e. this sample has nitrogen lines present along with dislocations.
Only hole transport measurements were performed on this sample due to the following reason. The 
spectra obtained using positive bias, which facilitates hole transport, showed well defined alpha 
peak. Whilst no spectra were obtained using a negative bias (electron transport). This is believed to 
be due to the electron transport being impeded by the presence of electron traps (resulting in a poor 
electron transport). This result supports the theory behind the high photoconductive gain in this 
sample which depends on the existence of a specific type of trap carrier (as discussed in section 
6.1.4).
Another possible explanation could be polarization which can be described as follows: when the 
sample is exposed to irradiation at negative bias, charge carriers are created and drift to the contact. 
During this time these carriers are trapped and leading to a build up in the internal field which 
opposes the field produced by the external bias, resulting in a decrease in the measured signal. 
When the bias is reversed to a positive bias to study the hole transport, the resultant field is 
increased and consequently the signal.
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9.5 Alpha spectroscopy of the HPS-Al/Pt
Unfortunately no alpha data was obtained for sample HPS-Al/Pt. This was due to difficulties in 
observing a signal from the pre-amplifier. At current there is no explanation for this result. A 
possible reason could be polarization effects which result in a non uniform electric field across the 
device. Another possible explanation could be due to the formation of trapping centres at the 
aluminium diamond interface [105, 106] or accidental formation of aluminium oxide, which is an 
insulator, during the deposition procedure.
Lastly the high density of trap levels existing in the grain boundaries in the polycrystalline samples, 
which trap a high percentage of the charge carriers, could lead to a non uniform electric field across 
the device subsequently resulting in an inhomogeneous peak height response.
9.6 Summary and Conclusions
The following table shows a summary of the spectroscopic properties obtained from alpha 
measurements using single crystal CVD diamond devices.
E lectro n  drift H o le  dr ift
AE/E„ M ax. MeTe AE/E„ M ax.
(keV ) (% ) C C E (cm \V '^) (keV ) (% ) C C E (cm ^V ^)
SC -C /N i ; 160 3 100 1.16x10'^ 40 0 8.5 89 1.55x10'^
H P S -P t 90 2 100 3.45x10-^ 75 1.5 100 8 .5 7 x 1 0 ^
V S -P t - - - - 70 1.4 100 1.1x 10-^
HPS-AIdPt - - - - - - - -
Table 9.2: Summarize of the spectroscopic properties of the single crystal CVD diamond devices.
As seen above, SC-C/Ni and HPS-Pt show an alpha response with both positive and negative 
applied bias. A similar energy resolution and maximum CCE was observed with an applied 
negative bias with higher mobility-lifetime product observed for SC-C/Ni. Meanwhile with an 
applied positive bias SC-C/Ni showed a worse energy resolution and lower CCE compared to HPS- 
Pt. As mentioned earlier this is believed to be due to the presence deep (hole) traps within SC-C/Ni 
leading to a build of space charge.
Comparing VS-Pt and HPS-Pt under an applied positive bias showed a similar result (CCE and 
energy resolution) with VS-Pt having a slightly higher mobility-lifetime product. No data was 
obtained for the electron transport properties of VS-Pt due to either the electron transport being 
impeded by the presence of electron traps (resulting in a poor electron transport) or polarisation 
effects. Whilst no data was obtained from HPS-Al/Pt due to difficulties obtaining a signal from the 
pre-amp due to either a non-uniform electric field or formation of trapping centres at the aluminium 
diamond interface.
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Looking at the hole transport only SC-C/Ni shows the worst energy resolution and CCE compared 
to HPS-Pt and VS-Pt with the lowest value for the mobility-lifetime product. As such based on the 
above parameters HPS-Pt is seen to be the best device for alpha spectroscopy measurements.
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10 Summary and Conclusions
As stated in chapter one of this thesis, the main objective of this project was to investigate the 
effect of different metal contacts on the electrical and dosimetric characteristics of diamond in an 
attempt to develop a new type of x-ray dosimeter. This was achieved in a number of steps the first 
of which looked at the influence of metal-diamond interfaces as well as the influence of annealing 
on the electrical and dosimetric characteristics of diamond based solid state radiation detectors. 
This allowed identification of the optimum metal contacts and conditions which maximize the 
detector performance as a dosimeter, in terms of time response, SNR, linearity, stability and 
reproducibility. For this purpose, three different samples (HPS-Pt, VS-Pt and HPS-Al/Pt) with 
different metal contacts were fabricated.
Out of the three samples HPS-Pt (before annealing) and HPS-Al/Pt (after annealing) were 
preferred as dosimeters in radiotherapy applications due to a combination of low dark currents (a 
few pA between -250 and +250 V) and high photocurrent response during irradiation, relatively 
fast rise and fall-off times (-3 sec), and high SNR (>1000). HPS-Al/Pt showed a strong increase in 
the current amplitude (-240 times the value before annealing) due to a change in the space charge 
distribution of the devices following annealing leading to enhanced charge carrier injection at the 
electrode diamond interface. Furthermore the stability was improved as a high overshoot (linked to 
the presence of shallow trapping levels) was removed after annealing. The photocurrent only 
weakly depends on the dose rate (A -  0.975 and 0.97 respectively). A high sensitivity and hence 
specific sensitivity of 185 and 600 nC/Gy.mm^ were obtained respectively. Finally a high stability 
and hence reproducibility of 0.286 and 0.345 % were obtained (respectively) fulfilling the IAEA 
requirements of < 0.5% in both cases. Compared to HPS-Pt and HPS-Al-Pt, VS-Pt showed a high 
dark current, slow rise time and poor reproducibility (higher than the recommended limit of the 
IAEA). Furthermore this sample was seen to suffer from the priming effect which has been linked 
to the presence of shallow trapping levels from either the electrical contacts or the bulk of the 
diamond.
In the second part of this project sensitivity mapping was performed on the sample 
designated VS-Pt. This sample was chosen due to its special features such as thin nitrogen lines and 
substrate area. Three different sources of focused x-ray beams were investigated in order to choose 
the suitable conditions to obtain high resolution images of the nitrogen lines within the sample. 
Additionally the mapping sensitivity of HPS-Pt and HPS-Al/Pt was investigated to study the effect 
of certain parameters on the homogeneity of the current response and choose the suitable contact 
for synchrotron measurements.
Using the University of Surrey x-ray laboratory a system was developed to acquire a 
sensitivity map of a diamond sample, even if the resolution was not as high as hoped. Sensitivity
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maps taken through VS-Ti/Au at different biases ranging from 100 to 200 V using the University of 
Surrey x-ray laboratory showed that majority of the points in the diamond sample have different 
values of sensitivity depending upon the interaction position. The increase in the photocurrent with 
bias was non linear (i.e. some points exhibit a higher sensitivity with bias whereas in other points 
the sensitivity hardly increases). This is believed to be caused by certain regions in the crystal 
reaching the charge carrier saturation velocity. At a high bias voltage of 200 V, some points 
exhibited a reduction in their sensitivity, which could be the result of charge build-up.
In the areas with nitrogen doping or at dislocation lines and substrate areas there is a 
decrease in CCE, which ultimately decreases the current as supported by literature [48]. A high 
current, fast rise time and fast turn-off time was observed at points situated in the contact area. A 
long stabilisation time, slow turn-off time and a low current for the points located outside the 
contact area was seen. An exception to this are the points situated in the substrate area which 
exhibit a fast rise time due to ‘multiple trapping’ of the charge carriers (i.e. when a charge carrier is 
released from a trap it is quickly trapped by another trap). A current pulse located at a point on the 
centre of the contact) took ~5 sec (at 10 mA) before it returned to a stable state. The rise time was 
approximately constant at a dose rate less than 0.93 mGy/min (or 10 mA). After 10 mA the rise 
time increased linearly with the increase in x-ray tube current. On the edge of a contact a similar 
shape was observed to the centre of the contact; however a shift in the rise time was seen indicating 
that the concentration of defects at this point is much higher.
Due to limitations in the University of Surrey x-ray setup there was a need for to repeat the 
sensitivity mapping using a beam size of 17 pm or less. This allowed the structure of the nitrogen 
lines to be investigated further. For this purpose the National Synchrotron Light Source was used. 
Prior to annealing the average normalized response of the detector saturated more quickly with the 
change in the pulse width of the bias voltage, compared to the annealed sample. The un-annealed 
device sensitivity was not majorly affected by the polarity of the bias, whilst the annealed sample 
showed a clear difference in the images. The sensitivity saturation of the un-annealed sample was 
reached at 200 V or lower. Following annealing the normalized response increased linearly with 
pulse width at -20 V. However for +20 V, the increase showed a slight indication of a saturation 
effect suggesting that the device sensitivity was affected by the bias polarity.
Comparing the experimental data for VS-Pt and theoretical results for a single crystal 
diamond the theoretical results were always less than the experimental data. One of the possible 
mechanisms, which could explain the high relative response of VS-Pt and thus high 
photoconductive gain, is the Sensitizing effect. Lastly the device sensitivity was seen to increase 
with decreasing beam size and/or step size. This is correlated to the priming effect (pre-irradiation), 
as if the beam size or/and step size decreases the sample is exposed to a higher pre-irradiation 
accumulated dose. This sensitivity increase was also observed for the un-annealed sample; however 
the response was not as high as the annealed sample.
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Further sensitivity mapping measurements were performed on VS-Pt at Diamond Light 
Source due to its small beam size. High spatial resolution sensitivity maps were obtained using a 
micro step displacement of 1 0  pm or less clearly revealing the effect of the nitrogen lines observed 
in the luminescence image. It should be noted that even at this small beam size of 4x4 pm the 
dislocations present in the samples were not resolved.
A lower relative photocurrent response was observed between the nitrogen lines and/or the 
substrate area compared to their surrounding area. This lower photocurrent response is believed to 
be due to the existence of a high concentration of defects. The current amplitude appears to be 
affected by the bias polarity with the photocurrent at a negative bias, higher than the current at a 
positive bias. This difference in sensitivity could be the result of polarisation effects rather than an 
absolute difference between an applied positive and negative bias. There are regions within the 
sample that have a very high current (high sensitivity) showing persistent photocurrent effects and 
as such take a longer time to restore to the baseline value following the passage of the high current. 
Near a nitrogen line, a slow rise time was observed with the stabilization time increasing with bias. 
In addition it took a longer period of time to decay to the dark current indicating the presence of 
shallow trap levels, which are incorporated within the nitrogen thin layer during the growth 
process. These shallow traps are unstable at room temperature and therefore the charge carriers 
thermally de-trap after switching off the irradiation leading to the increase in the fall-off time.
The final set of sensitivity mapping measurements were carried out on HPS-Pt and HPS- 
Al/Pt at the Diamond Light Source. For HPS-Pt the central region of the sensitivity maps at a bias 
of +50 and -50 V (where the hole in the PCB is located) shows an approximately uniform current 
response. This current response became more homogenous at 100 V and as the bias voltage 
increased from +20 to +200 V the homogeneity of the current response improved further. At 200 
V, the current distribution in the sensitivity map was nearly constant. This behaviour is believed to 
be due to the sample operating with a saturated CCE. The region surrounding the hole in the PCB 
shows a higher photocurrent at a bias of. +50 V. This is believed to be due to variation of the 
energy absorbed due to x-ray back scattering from the ceramic of the printed circuit board.
In the case of HPS-Al/Pt, as the bias increased the homogeneity of the current response in the 
central region did not improve. The HPS-Al/Pt sample exhibits a low photocurrent, high dark 
current and unstable signal compared to HPS-Pt. This is attributed to the high polarisation effects 
which are supported by alpha spectroscopy measurements. At a low bias voltage (+20 V) the 
sensitivity maps had a stable pattern of current response with the change in delay time however the 
photocurrent response was relatively low. At a high bias voltage (+200 and +400 V), the overall 
pattern of the sensitivity map changed drastically to a mosaic line pattern and the sensitivity maps 
were less stable. In the middle of the sample, a weak photocurrent as well as a loss in stability was 
observed when applying a bias voltage of 50 V or more. At a negative bias HPS-Al/Pt exhibited a 
high dark current, unstable signals and very low photocurrent at different biases. However, an
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obvious overshoot was observed at the beginning of the irradiation with an applied negative bias. 
As such HPS-Pt was believed to be a more suitable choice for synchrotron measurements.
In the third part of this project three polycrystalline diamond x-ray dosimeters were 
fabricated. Two of which were fabricated by depositing carbon using a new deposition technique 
known as Pulsed Laser Deposition (PLD), the first with pure amorphous carbon (labelled Poly-C) 
and the second with amorphous carbon mixed with nickel (labelled Poly-C/Ni). The third device 
was metalized by conventional sputtering of Platinum for comparison. The dosimetric 
characteristics and validity of the samples for radiation dosimetry was investigated in order to 
obtain a detector with a high SNR, fast time response, reproducible manner and a response that 
does not depend on the dose rate.
In both Poly-C/Ni and Poly-Pt the dark currents were very low (below a few pA between - 
200 V and +200 V) whilst Poly-C showed a higher dark current, however this is still below 25 pA 
at the same bias interval. Poly-C showed the lowest photocurrent response among all the devices. 
The majority of the signals in the three devices display a step-like change in current when 
irradiated with x-rays without observing undesired effects such as priming and persistent 
photocurrent.
In Poly-C/Ni and Poly-Pt A values (relating to linearity) of 0.86 and 0.85 were obtained 
respectively from a plot of the current as a function of dose rate. For Poly-C the resulting “best” fit 
line indicated a power relationship with a lower A value of 0.73. This suggests that the carbon 
contact is characterized by an increase in the density of trapping levels at the carbon-diamond 
interface. Furthermore it should be noted that the dose rate dependence could be related to the 
nature of the polycrystalline diamond. Comparing the sensitivity parameters of the three devices 
there is a significant difference between the Poly-C, Poly-C/Ni and Poly-Pt devices (i.e. 6 , 65 and 
37 nC/Gy, respectively). Whilst reasonable reproducibility (<0.5%) is observed (i.e. 0.46, 0.26 and
0.37 %, respectively) satisfying the IAEA recommendation. In the case of Poly-C a very low SNR 
value of -70-80 was observed. As for Poly-C/Ni and Poly-Pt the SNR satisfied the 
recommendations of the IAEA (higher than 1000) i.e. -3.3x10^ and -1 0 \ respectively. The rise 
time of the three devices have approximately the same values of 1.4, 1.1 and 1.25 seconds, 
respectively. Furthermore, the fall-off times of the three devices were less than -0.4 second. This 
fast time response was related to the multiple trapping of charge carriers (i.e. a charge is re-trapped 
after being released from a trap). Finally it should be noted that Poly-C/Ni successfully satisfied 
majority of the dosimetric requirements set out within the international standards.
In the fourth part of this project a single crystal CVD diamond x-ray dosimeter (SC-C/Ni) with 
a C/Ni contact was fabricated using PLD in an attempt to remove the dose rate dependence in 
polycrystalline samples and a comparison drawn to the previous polycrystalline devices.
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In the SC-C/Ni sample the dark current below 30 pA between -150 V and +150 V and high 
resistivity of -5x10^^ Q.cm was observed. The linear current response with dose rate was higher 
thAn Poly-C/Ni with a A value of 0.97 suggesting that A changes according to the nature of the 
detector material. The sensitivity and specific sensitivity of the SC-C/Ni device showed a value of 
-7.8 pC/Gy and 4.87 pC/Gy.mm^, respectively. The higher sensitivity in SC-C/Ni than in Poly- 
C/Ni is believed to be due to the lower density of defects in the polycrystalline samples and higher 
CCE in the single crystal sample. The gain value of the SC-C/Ni (-20) device is approximately 450 
times greater than the typical value of Poly-C/Ni due to the sensitization effect, with alpha 
spectroscopy of this sample suggesting holes suffer from a greater quantity of trapping than 
electrons. A reproducibility value close to that recommended by the IAEA (-  0.504%) was 
obtained for the SC-C/Ni. The SNR was satisfactory as per the recommendations of the IAEA 
(>1000) i.e. -7.3x10^. This value was more than two times greater than the Poly-C/Ni (-3.3x10^) 
value. The SC-C/Ni device showed a fast time response, with rise and fall-off times of -2  and 
-0.56 seconds, respectively. These values are slightly slower than the time response of the Poly- 
C/Ni device due to thermal de-trapping of shallow traps at room temperature.
In the final part of the project the electron and hole transport properties of the SC-C/Ni, 
HPS-Pt, VS-Pt and HPS-Al/Pt samples was investigated using alpha particle spectroscopy. Due to 
the short range of alpha particles majority of there energy is deposited near the irradiated contact. 
This allows a signal to be obtained from the detector almost entirely from electron or holes 
depending on the polarity of the applied bias (positive bias allows the hole transport to be analysed 
and negative bias the electron transport).
SC-C/Ni and HPS-Pt showed an alpha response with both an applied positive and negative 
applied bias. A similar energy resolution and maximum CCE was observed with an applied 
negative bias with higher mobility-lifetime product observed for SC-C/Ni. Meanwhile with an 
applied positive bias SC-C/Ni showed a poorer energy resolution and lower CCE compared to 
HPS-Pt. This is believed to be due to the presence deep (hole) traps within SC-C/Ni leading to a 
build of space charge. Comparing VS-Pt and HPS-Pt under an applied positive bias showed a 
similar result (CCE and energy resolution) with VS-Pt having a slightly higher mobility-lifetime 
product. No data was obtained for the electron transport properties of VS-Pt due to either the 
electron transport being impeded by the presence of electron traps or polarisation effects. 
Furthermore no data was obtained from HPS-Al/Pt due to difficulties obtaining a signal from the 
pre-amp due to either a non-uniform electric field or formation of trapping centres at the aluminium 
diamond interface. As such HPS-Pt is seen to be the best device for alpha spectroscopy 
measurements.
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Suggested future work
• Priming and overshoot effects have been linked to the presence of defects, which can act as
trapping levels within the band gap. One area for further investigation is research into the 
thermoluminescence properties of the diamond samples. This would allow identification of 
the defects in the bulk structure of the samples as well determination of the activation 
energy of the trapping levels to conclude the origin of the impurities. Furthermore the 
thermoluminescence glow curves can be correlated with the electrical and dosimetric data 
of the diamond samples.
• The work investigating the sensitivity maps of the diamond samples using an x-ray beam of
energy -19 keV could be improved by performing more sensitivity maps using different 
focused x-ray beam energies in order to investigate the effect the different penetration 
depths in the bulk material on the sensitivity maps. Furthermore the effect of varying the 
temperature on the obtained sensitivity maps could be investigated and a comparison 
drawn to those performed at room temperature.
• In order to fabricate a tissue equivalent dosimeter the current PCB (which contains metal)
will need to be replaced with a universal holder allowing radiation measurements to be 
performed without the complications of glowing conducting wires as well as easier 
installation and removal of the samples. Another advancement towards a true tissue 
equivalent dosimeter would be the encapsulation of the diamond samples within a water 
equivalent material.
•  One of the final steps in the development of a tissue equivalent dosimeter will be the testing
of the device using a MV X-ray beam (linear accelerator) typically used at hospitals for 
clinical applications. This would allow a comparison to be drawn with the other 
commercially available natural PTW diamond dosimeters.
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An investigation on the influence of metal-diamond interfaces 
on the X-ray induced photocurrent characteristics o f diamond 
based solid slate radiation detectors has been perlbmied before 
and after annealing in order to identify the parameters of metal 
contact formation which maximise the performance. For this 
purpose, two different samples with different metal contacts 
were fabricated by sputtering Pt (labelled HPS-Pt) and AlTPt 
(labelled HPS-Al/Pt) on to high quality CVD diamond. To 
examine the performance o f the two samples, a set o f  
measurements was performed before and after annealing the 
devices: f -  Vcharacteristics, time response such as rise and fall- 
off times, sensitivity and specific sensitivity, signal to noise
ratio (SNR), photoconductive gain, dose rate dependence and 
reproducibility were studied. The effect of the changes in bias 
voltage on the perfomiance o f the samples was also inves­
tigated. The response of annealing the devices is strongly 
dependent on the metal contact. HPS-Al/Pt showed a strong 
increase in the current amplitude (~240 times the value before 
annealing) and the stability is improved as a high overshoot is 
totally removed after annealing. Annealing HPS-Pt showed a 
slight increase in the current amplitude and the small overshoot 
existing at low dose rate is also removed, however the stability 
o f the currents is reduced which affected the reproducibility of 
the signal.
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA. Weinheitn
1 Introduction Diamonds arc regarded as stiitabic 
materials for radiation detection purposes when used as 
solid-state ionisation chambers. One of its advantages is its 
near tisstie equivalence [1-6] where its atomic number 
is comparable to that of human tissue (Z = 6 for diamond 
and 7.5 for human tissues). Thus the energy absoibcd by 
the diamond is similar to that absorbed by h tunan tissue, which 
reduces the need for correction mechanisms [6]. Its high 
bandgap (5.5 eV) [1,3, 7-9] ensures low dark currents and 
hence a low background noise and gives it a low sensitivity to 
the visible and IR parts of the spectrum, which is scmtetimcs, 
tenncd visible blindness [10], making it optimum in use in 
deep UV/photo detection. It has a high electron and hole 
mobility [2,3,7,8], which permits a fast time response of the 
signal. Moreover, its cry stal structure has strong bonds [2, 3], 
which makes it resistant to radiation damage, and its relatively 
high density [3] results in an elevated specific sensitivity. The 
above properties motivate its use in radiotlierapy applications.
#W ILEY # ONLINE LIBRARY
Other advantageous properties of diamonds, like its 
chemical inertness, non-toxicity, radiation and mechanical 
hardness, high thennal conductivity, and high electrical 
breakdown have motivated its use in high temperature and 
ext!erne radiation environments [4,6-8].
For diamonds, its small size is an advantage when used as 
an ionisation chamber as it gives a high spatial resolution 
compared to gas filled ionisation chambers. Another 
advantage of diamond is its much higher density to that of 
gas (solid state/gas density %3 x lO’) as well as the lower 
energy required to produce one charge pair [6. 11 ].
Diamond ionisation chambers commercialised by 
Physikalisch-Tcchnische Werksliitten (Kl’W, Freiburg) are 
fabricated using natural 11-a type crystal. They arc very 
attractive because they fulfil radiotherapy application 
requirements, where they have very little volume of 
detection (a few mm^) coupled with a high sensitivity and 
a very fast response time ( < 1 s) enabling it to cope with the
© 2011 WILEY VCH Verlag GmbH & Co. KGaA, W einhcim
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sharp transients of the irradiation fields [1,5, 6|. However, 
the scarcity of natural diamonds of sufficient quality makes it 
very time consuming to find the suitable ones through sorting 
procedures, which makes them expensive, and with a poor 
inter stunplc reprtxlucibility, making other alternatives very 
appealing. One of many cost effective alternatives to natural 
diamond is chemical vapour deposition (CVD) diamond. 
Recently, electronic grade CVD single crystal diamond 
has become commercially available, giving the chance to 
study the properties of synthesised materials. Some of its 
advantages over its counterpart include reduced cost, 
elimination of non-diamond carbon phases [12] as well as 
control of impurity concentrations [2], However, there lue 
variations of the diamond radiation detector performance in 
CVD diamond depending on contact fabrications and surface 
treatments rather than the bulk material. In this study, we 
investigate the effects of different metallisation and their 
annealing on the induced X-ray photocurrents to enhance the 
understanding of diamond detector performance for future 
applications in X-ray dosimetry for scientific or medical 
purposes.
2 Device preparations Detectors were fabricated 
based on high purity electronic grade polished single 
crystal CVD plates purchased from Element six Ltd. (with 
dimensions 4.2 x 4.2 mm", 0.5 mm thick).
Each sample was chemically treated before sputtering to 
ensure an oxygen tenninated surface with high resistivity. 
The samples arc submerged in a boiling solution of sulphuric 
acid with potassium nitrate for 5 min; the sample then 
washed with de-ionised water followed by acetone. This is 
followed by isopropanol and finally another wash using de­
ionised water. An Edwards K575XD turbo pumped high 
resolution sputter coaler running with argon was used, to 
produce the electrical contacts in a sandwich structure using 
3 x 3  mm  ^shadow masks as shown in Fig. 1. The sample 
labelled HPS-PT was fabricated with 120 nm Pt contacts and 
the HPS-Pt-Al with 50 nm thick A1 followed by 100 nm thick 
Pt (without breaking the vacuum of the deposition chamber). 
The diameter of the AI and Pt targets were 57 mm and they 
were cleaned by a standard preliminary etching cycle of the 
Sputter unit before each deposition. A current setting of 
50 m A was used to produce the Pt contacts whilst a current of 
140 mA was used to produce the AI contacts. The chamber 
was at pressure of 6x  10“'^mbar during the sputtering 
process. The thickness of the metal layer was confirmed by a 
Dektak surface profile measurement. The devices were 
mounted on ceramic PCB using gold paste. A gold wire 
(24 p.m thickness) bond is fixed on the top contact of each 
device using a 4124 Ball Bonder and the other end connected 
to a separate copper pad on the top layer of the ceramic 
substrate which is then soldered to the read out cable.
After the first set of measurements, samples were 
annealed at 600 °C in vacuum, which was achieved using 
GSL-1 lOOX (high temperature vacuum tube furnace).
The X-ray irradiation is perfonncd in air using a 50 kVp 
X-ray tube with a molybdenum rcfieclion target (Oxford
(a) 4.2x4.2 mm  ^detector area
P t (120 n m )-----
3x3 mm^
High piirits'
CVD diamond
500 urn
P t (120 n m )  p.-------------------------------
3x3
(b) 4.2x4.2 detector area
Pt (100 n m )  ^ B S 9 9 9 9 9 9 9 I I S I . 4 ~ -
3x3 mm^
High purity 
CVD diamond
AI (50 nm) 
3x3 mm^
>" 500 pm
AI (50 nm) 
3x3 mm’Pt (lOOnm) _3x3 mm’
F igure  1 (online colour at: www.pss-a.cotn) Schematic represen­
tation of llie layered structure for (a) HPS-Pt and (b) HPS-.Al/Pt 
diamond sample.
instruments XF50 11 ). Different dose rates were obtained by 
varying the anode current. The quoted values correspond to 
the air kerma near the sample position calibrated by a 0.6 cm  ^
ionisation chamber of model number NE257 lA, ibis gives a 
crude approximation of tlte energy deposited in tlic samples 
neglecting differences due to air ionisation, scattering, and 
absorption effects. All current measurements were per­
fonncd using a Keith ley 487 picoampcre meter.
All samples were prc-irradiatcd with a dose of ~10Gy 
before any measurements. The electrical properties of the 
metal-diamond interfaces were chiuactcrised by measuring 
the dark current and the X-ray induced current. The 
irradiated curves were obtained at different dose rates of 
5.45 and 26 cGy/min. The bias voltage is applied through the 
top contact. Ibe current readings as a function of applied bias 
voltage shown in Fig. 2 were acquired after a 30 s settling 
time after each voltage change.
3 Result and discussion
3.1 l -V  characteristics It is clear from Fig. 2 that in 
the case of HPS-Pt and HPS-.Al-Pt the dark currents arc very 
low (below a few p.A between —250 and 4- 250 V) and 
approximately consistent before and after annealing. Ibis 
yields a high resistance of ~2.2 x lO'^H (as deduced from 
the dark current at 4 220 V). However, there is a ver>' slight 
shift in trough kxration (~10V) in HPS-Pt as shown in 
Fig. 2a.
It is also observed that there is a difference between the 
polarities of the bias in the two samples. This trend was also 
observed by Di Benedetto ct al. [13] who explained this 
asymmetry to he due to the difference in junction barrier 
height of the metal-diamond interfaces. This is believed to 
be due to the following reasons: As the metal deposition on 
the crystal is performed in two steps (top then bottom
e  2011 WILEY VCH Verlag GmbH & Co. KGaA W einheim w w w .pss-a .com
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Figure 2 (online colour at: www.pss-a.com) t~V  characteristics 
of the two diamond samples before and al ter annealing (a) HPS-Pt, 
(b) HPS-Al/Pt both in dark conditions and under different dose 
rates o f 5.45 and 26cGy/min.
contact) there might be a small chance of irregular 
deposition.
For the HPS-Pt sample, the plots of the photocurrent 
signal in Fig. 2a demonstrate that increasing the dose rate 
results in a shift in the curve both before and after annealing 
to higher currents. Also, the plots show a symmetrical and 
stable behaviour of the HPS-Pt sample before annealing at 
both positive and negative bias. Before iuinealing the 
photocurrent is approximately an order of magnitude less 
for the sample exposed to a dose rate of 5.45 cOy/min 
<~1 nA). Following annealing no change in trough location 
is observed however above a bias of approximately 50 V 
the phoKKurrent diverges from the previous relationship 
observed before annealing. At negative bias a slight increase 
in the photocurrent is observed following imnealing.
As for the HPS-Al/Pt sample, before annealing a 
relatively low photocurrent is observed at both dose rates 
(5.45 and 26cGy/min), with a shift in trough location 
(~30 V) observed at the higher dose rates. It should be noted 
that the minimum value for llie photocurivnt is in the same 
order of magnitude as the diu’k current as shown in the plots in 
Fig. 2b. Following annealing a large increase inphotcKurrent
is observed with a stable relationship observed for positive 
bias voltages. Of particular interest is the fact that no shift in 
trough location is observed with increasing dose rate 
following annealing. However it should be noted that for a 
negative bias the photocurrent is unstable.
Di Benedetto ct al. fl3] also commented that both the 
asymmetric characteristics and the hysteresis of the induced 
current could be due to a high space charge in the crystal, 
which reduce the electric field and thus the phottKurrcnt. 
Comparing the I-V  characteristics of the HPS-Al/Pt with those 
published by Di Benedetto et.al. a cimsistent result is observed. 
Di Benedetto cl al. observed that the induced current was 
significantly higher with Al contacts compared to other 
materials used {i.e.. Au, Cr/Au, and Ti/Au). Ihis is consistent 
with what is observed in Fig. lb where after annealing, HPS- 
Al/Pt showed a high induced current compamd with HPS-Pt.
3.2 Signal to noise ratio One of the main 
parameters which evaluate the performance of the detector 
is the signal to noise ratio (SNR). The SNR is calculated as 
the ratio between the steady state photocurrent and the steady 
state dark current.
The SNR of the two samples at a variety of dose rates (at 
a bias of 50 V) increases as expected. In the case of the HPS- 
Pt sample for all dose rates the SNR decreases as the bias 
voltage increases, due to the increase in dark current being 
significantly higher than the increase in the photocurrent.
The HPS-Al/Pt sample prior to annealing displays a 
current signal even at zero bias, utilising an internal built-in 
voltage. The highest SNR is obtained at 0 V due to the low 
value of the dark current. This results arc in agreement with 
those reported by Almavivact al. 114], who noted that when 
the increase in the induced current (with increasing bias) 
is lower than the increase in the dark current, a high SNR is 
observed at zero volts. However, if cannot be guaranteed that 
the device is fully depleted in this case, which compromised 
the ability to determine its active volume.
The SNR increases with the increase in dose rate for all 
bias voltages (0, 10, and 50 V) however the ratio shows a 
significant decrease as the bias voltage is increased. It should 
be noted that in the case of HPS-Al/Pt a very low SNR {Le., 
<62 even at 26 cGy/min) was observed at 50 V.
The most obvious feature is that all the samples before 
annealing have the same trend, the SNR increasing with 
increasing dose rate and, the SNR decreasing as the bias 
voltage increased, due to the dark current rise being 
significantly higher than the increase in the photocurrent.
3.3 Optimum bias voltage The aim of this exper­
iment is to identify the optimum bias voltage for the two 
diamond samples, in terms of rise and fall-off times, the 
highest SNR and stability.
Figure 3 shows the current signals in the two samples at 
different dose rates. Ihis experiment is repeated at different 
positive bias voltages of 25, 50, 1(X), and 150 V for HPS-Pt 
and 0, 10, and 50 V for HPS-Al/I t^. The rise time, r„) 
is the time between 10 and 90% of steady state current, the
www.p5S-a.com © 2 0 n  WILEY-VCH Verlag GmbH & Co KGaA, W einheim
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Figure 3 (online colour at: www.pss-a.com) Current signals tor 
the two samples (a) HPS-Pl, (b) HPS-Al'Pl al dilïerenl dose rales 
ol 5.4. 10.4. 15.6,20.7, and 26cGy/min before and after annealing 
at 50 V bias voltage.
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Figu re  4  (online colour at: www.pss-a.com) (a) Rise and (b) fall- 
off times obtained from the two samples at different voltages before 
and after annealing as a function of dose rates nuige from 5.4 to 
26cCjy/min.
fall-off lime is calculated by measuring the time between 90 
and 10% of the steady state current (Fig. 4).
It is observ ed in Fig. 3a that HPS-Pt shows a slight increase 
in photocurrent after annealing consistent with the data shown 
in Fig. 2. Prior to annealing a stable photocurrent is observed, 
towcver, a slight decrease in stability is observed following the 
annealing process. In the case of 5.45 cGy/min irradiation 
the ovenihoot observed prior to annealing at all bias voltages 
is no longer present. As seen in Fig. 3a (inset) at a dose rate of 
5.45cGy/min an increase in photocurrent but decrease in 
overshoot is observed with increasing bias voltage.
Another observation is that for all bias voltages the rise 
time is faster at lower dose rates, litis gives the impression 
that the fast rise time at these dose rates is an artefact of the 
overshtHtt phenomena, llie calculated rise time of the time 
difference between 10 and 90% amplitude appears short, if 
an overshoot is present, but docs not reflect the time needed 
to reach nearly stabilised conditions in this case.
The HPS-Al/Pt sample prior to annealing, under 0 and 
10 V bias, displays a prompt rise and fall-off time of 
approximately 3 s at the higher dose rates as shown in Fig. 4.
However, an increase in the bias voltage leads to an increase 
in the rise time. At higher dose rates, the rise and fall-off 
times before and after annealing generally revolve around 
3 s, which is longer than the fastest rise time observed using 
the same tube settings and tead out electronics of 1.1 s -  
indicating the limitation of the system.
It should be noted that the HPS-APPt sample prior to 
annealing is suitable to operate without any applied bias 
voltage (consistent with Fig. 2b), based on the internal built- 
in voltage barrier produced at the metal-diamond interface. 
This result is consistent with those reported by Almaviva 
et al. [ 14J who deposited Al contacts on an intrinsic diamond/ 
P-type diamond/HPHT diamond substrate configuration.
It is clear that there is a significant difference in the 
perfonnancc of that device under 0 and 50 V bias. As seen in 
Fig. 3b (inset) increasing the bias voltage of the HPS-Al/Pt 
i(radiated at 5.45 cGy/min leads to an increase in the 
magnitude of the overshoot. However no increase in 
photocurrent is seen with increasing bias voltage.
The observed overshoot can be attributed to the presence 
of shallow trapping levels, which originate from defects 
present (after deposition Al/Pt on diamond) at the metal-
O 2011 WILEY-V04 Verlag GmbH & Co. KGaA, W einheim w w w .pss-a .com
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diamond interface as previously observed by Bergonzo el al. 
[ 15] for CVD diamond. This is also consistent with previous 
reports by Schirru ct al. f 16). who believed that the observed 
overshoot for CVD diamond is related to the presence of a 
low temperature peak at ~370K observed in thermolumi- 
ncscence experiments. In another report [17] he reported a 
high density of trapping states at the metal-diamond 
interface after evaporating Au on a HPHP diamond sample.
Since it is believed that the ovcrshix)t is related to the 
existence of shallow trapping levels, it could be possible to 
remove this effect by annealing the device (as reported by 
Guerrero ct al. [18]). This is supported by the obtained 
results, with no signs of the overshoot obscr\ cd follow ing the 
annealing of sample HPS-Al/Pt. In addition as previously 
stated an increase in ccjuilibrium current is observed 
following annealing.
Additionally, in Fig. 3b a significant increase (■-'-240 
times higher) in photiK'urrent is observed following anneal­
ing. Following the annealing process measurements of rise 
and fall off times were obtained at 50 V. This showed only a 
slight discrepancy to the values obtained for the two samples 
before annealing.
De Angelis found that the rise time of CVD diamond 
sample of thickness 300 p.m with Ti-Au contact was ranging 
from4.5 to 7 s at adose rate ranging from 1.5 to4Gy/min (2). 
The variation in the time response has been reported 
previously in CVD diamond samples as a function of the 
incident X-ray energy [9,19-22], The fastest results reported 
are at low energy [9, 19] (lOkcV and below) around 100 ms 
[1,9,23,24]. Similar measurements were perfonncd at high 
energies (used for radiotherapy) [20. 21], above 250keV, 
where the rise time is in the order of several seconds. A study 
by Sellin and Galbiati [23 ] reported a correlation between the 
rise time and the type of contact. The graphitised contact 
showed bo lit a fast rise time and a fast turn-off time of the 
signal current.
3.4 Dose rate dependence and linearity The
lineitrily is the variation in the current signal as a function 
of the incident dose rate (Ü). This is usually expressed using 
the Fowler relationship [25]:
I — /jaik i' TfD',
where is the dark current. ITie exponent A, sometimes 
termed the linearity index is a constant showing the 
deviation from linearity. Its value is expected to vary 
between 0.5 and 1.0 if all the traps in the crystal have the 
same capture cross section. The value of A is expected to be 
equal to one if the traps are distributed uniformly or quasi 
unifonnly in the ciystal. In the case of a pure crystal without 
any traps or in the case of very high excitation rates 
where trapping at defects becomes insignificant, A %0.5. 
The value of A can exceed one when the traps in the crystal 
have different capture cross sections.
Figure 5 shows the dose rate linearity of the two 
samples before and after annealing. The average cun en t
(a)
(before) 
A 0.95 1 (aller)<  6e-9
56-9
0 5 10 15 2 0 2 5 3 0 3 5 4 0 - e
Dose rate (cO^ifiin)
(b) 8e-11
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A -0 .9 6 8  (after) 2 0 ea O)
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Figure 5 (online colour at: www.ps.s-a.com) Dose rate dependence 
i n the two samples (a) HPS-Pt (b) HPS -.41/Pt using a dose rale ranging 
from 2.7 to 42.8 cGy/min.
measurements have been taken after waiting 1 min at each 
dose rate in order to take the equilibrium current.
As seen in Fig. 5a of the HPS-Pt sample an almost linear 
relationship is observed both before and after annealing 
between the photocurrent and the dose rate. A slight decrease 
in the A factor is observed following annealing.
As for HPS-Al/Pt, Fig. 5b shows a nonlinear relationship 
before annealing. In contrast to the Fowler model, this 
cannot be explained by a low trap density in the sample, 
because after annealing A increases. Another mechanism 
responsible for the low A could be the accumulation of 
negative chtmgc in the region close to the anode and positive 
charge netu" the cathtxle, which in turn teduces the electric 
field, and consequently the current response. Also, the sub- 
linear increase of the photix-uaent as the dose rate increases 
implies that the charge carriers’ lifetime decreases as the 
dose rates increase. Following the annealing process an 
almost linear relationship is observed. This is reflected in the 
A factor which increases from 0.664 to 0.968.
The measured values of A, in the two samples mctaliscd 
after annealing, compare well to typical values suggested in
w ivw  .pss-a.com © 2 011 WILEY-VCH Verlag GmbH 8  Co. KGaA, W einheim
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the literature (0.86-1.035) [3, 26-30] for PTW natural 
diamond and synthetic CVD diamond devices. In other 
published work 126] A was found to be 0.61 for a 
polycrystalline diamond sample, this sub-linear value is 
explained by the quality of the material and/or high errors in 
the induced current. It is suggested that the origin of this high 
error is the lower induced current and higher dark current 
(very low SNR) [26].
3.5 Sensitivity and specific sensitivity The sensi­
tivity of the two devices was measured before and after 
annealing at a bias voltage of 50 V. Compiling the sensitivity 
parameters of the HPS-Pt before and after annealing an 
increase ( 13%) in sensitivity is observed following annealing 
(735 and 8.34nC/Gy before and after annealing respect­
ively). Comparing the sensitivity parameters of the HPS-Al/ 
Pt before and after annealing a significant change is observ ed 
with a value of only 6.1 nC/Gy obtained prior to annealing 
and a value of 2706 nC/Gy obtained after annealing. In both 
cases, the signal current increases after annealing; this could 
be caused by a change in shallow trap level concentrations 
near the electrode, which control space charge build up and 
charge injection. In case of the aluminium device, a junction 
is observed before annealing, inhibiting charge injection at 
the elcctnxle interface resulting in low signal currents. 
Annealing seems to remove that barrier and a large increase 
in signal current is observed.
For the two detectors reported here, the specific 
sensitivities of about 185 and 6(X) (nC/Gy mm^) were 
obtained for the two detectors after annealing, respectively. 
FFW natural diamond dosimeters show a specific sensitivity 
range between 50 and 140nC/GyYmm^ [3. 16. 17, 26, 31- 
33]. Whereas in C VD diamond detectors the reported values 
range from a few to a few thousand nC/Gy mm  ^[3,26,28- 
30,34,35]. The increase of the X-ray tube voltage from 100 
to 250 kV in another study showed a decrease in sensitivity 
from 15 to 2 nC/Gy, this effect is attributed to the decrease in 
energy loss in a diamond device as the X-ray energy 
increases [36]. The comparison shows good agreement 
between the experimental and published results.
3.6 Photoconductive gain When the detector is 
exposed to irradiation, a current (/generated) will be generated 
in the detector, which in turn induces a current (Aneasured) 
the external circuit The photoconductive gain (gain factor) 
is defined as the ratio between the measured current and the 
theoretical cuiTcnt generated by irradiation. It is equal to the 
ratio between the average lifetime of the charge carriers, t .
and the transit time
Gain /iiKasurcd   7'
/  generated F r
The theoietical current generated in the material can be 
estimated from the equation:
Dpev
generated
where: D, p, e, v, and tr are the dose rate (J/kg s), density of 
diamond (g/cm^), elementary charge (C), sensitive volume 
(cm’), and the energy required to produce an e-h  pair in 
ditunond I3.2cV. respectively .The gain factors of the 
devices arc shown in Table 1.
The commercial available natural diamond dosimeter 
are reported with a gain factor of around 0.5 [11. 16, 32]. 
Whereiis in single crystal CVD diamond detectors, the 
published value was 0.8 which is closer to unity, and has been 
attributed to the high quality of the sample [16]. In other 
reports the gain factor was calculated to be 0.32 for HPHT 
synthetic diamond. The gain factor is not an absolute value 
for the detector but it depends on the value of the applied bias 
voltage [17]. Gain factors slightly higher than one were 
observed in other studies for synthetic CVD diamond 
detectors |20). These higher values are not due to avalanche 
effects, but the carriers are elevated by the external power 
supply and re-injected at the electrodes [20].
To obtain a detector photoconductive gain greater than 
one a number of basic requirements should be fulfilcd i.e.. 
Ohmic contacts must be used otherwise the electrostatic 
equilibrium forbids charge injection and as such gain, the 
average life time of charge carriers produced by the incident 
irradiation, r, should be greater than the transit time of the 
chitfge ciuriers, T^ , (time required for the carriers to move 
from one electrode to the other one).
One of the possible mechanisms, which could describe 
the high carrier lifetime and thus high photoconductive gain, 
is the sensitising effect. This effect appciu-s only when a 
particular type of trap exists in the crystal which has the 
ability to capture only one type of carrier (electron or hole), 
while the other type lemains free [17, 37].
Smedley ct al. [38] also discussed this possible 
explanation for the increased response. He believed that 
the increase in the effective lifetime of the holes was due to 
hole injection from the electrodes until the electron is de­
trapped through the detector at high electric fields. This can 
be achieved above a threshold electric field, w here the value
Table 1 The gain factor o f the three devices with irradiation by a dose rate o f l5.6cGy/niin under bias voltage of 50 V.
device /m easu red /m e e w re d /gen e ra ied gain factor
(before annealing) (alter annealing) (A)
(A) (A) before anneal after anneal
HPS-Pt 2.05 X  10 ^ 2.24 X  10 3.1 X  10 ^ 0.66 0.722
HP.S-AI-D 2.85 X 10 " 7.16X 10 3.1 X 10 0.(M)% 2.31
C 2011 WILEY-VCH Verlag GmbH & Co. KGaA, W einheim w w w .p ss-a.com
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of the hole charge collection length is higher than the cry^ sta! 
thickness.
Therefore the increase in the measured current under a 
given irradiation depends not only on the increase in the 
average lifetime of the electrons but also on applied field 
strength.
A very high photoconductive gain was described before 
by authors in previous reports with values from 6 x 10^  to 
10^  [17,31, 37]. It has been firund inother reports that a slow 
fall-off time is accompanied with the high photoconductive 
signal [17,37].
3.7 Reproducibility Reproducibility (or repeatabil­
ity) is considered one of the main detection properties 
required for dosimetric use. It should be below 0.5% as 
recommended by the IAEA. TTic standard deviation (SD) 
includes the errors which could be due to the instability in 
the current meter and/or irradiation non-reproducibility. 
The stability and the reproducibility of the current signals 
were estimated by taking the percentage ratio of the SD to 
the average photocurrent value.
Reproducibility ; [(:
SD
Average current/
8e-S
6e@
<
I
I  ,Cl 29-9--
120 240 360
T im e(sec)
480 600
The photocurrent signals were measured at three 
different times for each sample under the same dose rate 
and bias voltage.
According to the data provided in Fig. 6 and Table 2 a 
reasonable reproducibility (<0.5%) is observed prior to 
annealing for both HPS-Pt and HPS-Al/Pt which is highly 
satisfactory for dosimetric assessments. This is attributed to 
the stability of the equilibrium current. Following the 
annealing process the reproducibility of the HPS-Pt has 
significantly increased (approximately four times the value 
before annealing). This could be due to the deviation from 
the equilibrium photocurrent leading to an increase in the 
SD, which in turn reduces the reproducibility. In the case of 
the HPS-Al/Pt following annealing a lower value of the 
reproducibility was observed due to the high stability of the 
equilibrium currents as shown in Fig. 3b.
TTie current results are in a good agreement with 
Tromson et al. [8] who interpreted the time dependence 
mid the turn-off time of die natural diamond sample (high 
quality Il-a type) to X-rays by linking it to the presence of 
trap levels activated close to room temperature. The presence 
of trap levels was studied using the thcmially stimulated
Figure 6 (onlinecolourat;www.pss-a.com)Reproducibilityoflhe 
two samples after annealing.
current (TSC) method, showing a positive effect bn the 
detection properties of the device once the deep levels are 
filled, however at room temperature once the trap levels 
are emptied after switching off the X-rays, a detrimental 
effect is observed on the turn-off time of the device.
4 Conclusions The results reported in this paper 
investigate the influence of electrical contacts and jmnealing 
on the electrical and dosimetric properties of CVD diamond 
detectors.
The samples investigated HPS-Pt (before annealing) and 
HPS-Al/Pt (after annealing) show a combination of low 
dark currents (a few pA for HPS-Pt tmd less than I pA for 
HPS-Al/Pt at a bias range of —250 to -f 250V) and high 
photocurrent response during irradiation, relatively fast 
rise and fall-off times (~3s), and high SNR (>1000). The 
photociurent docs only weakly depend bn the dose rate 
(A ~  0.975 and 0.968, respectively), high sensitivity and 
hence specific sensitivity (735 and 600nC/Gy respectively 
are achieved compared to values of commercial natural 
diamond). Finally a high stability and reproducibility of 
0.286and 0.345% were obtained. Annealing seems to change 
the space charge distribution in the devices leading to 
enhanced charge carrier injection at the electrode diamond 
interface. An overshoot effect is bbscr\ed with HPS-Al/Pt 
and has been linked to the presence of shallow trapping levels 
which is removed by annealing the device.
Table 2 Reproducibility o f  the two diamond samples under bias o f  50 V before and after annealing.
sample before annealing after annealing
average SD reproducibility average SD reproducibility
current (%) current (%)
HPS-Pt 6,12 X  10“*' 1 .7 5 x 1 0 -" 0 2 8 6 6.72 X 10-'' 8 3 2 x 1 0 “" 1.24
HPS-AI/Pl 9.27 X l ( r ” 4 .7 9 x 1 0 '” 0-516 2.15 X 10'* 7 .4 1 x 1 0 '" 0.345
www.pss-a.com C  2 0 1 1 WtLE Y-VCH Verlag GmbH & Co. KGaA, W einheim
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8 Abstract
" Die deposition o f  aiuoiphous carton electiical contacts made o f  carton on a diamond radiation detector by Pulsed Laser
1 8  Deposition (PLD) is introduced as a novel technique for producing tissue equivalent x-ray dosimeters. Three devices were
11  fabricated witli the following electrical contacts: piue amorphous carbon (labelled Poly-C). amorphous carton mixed with
1 2  Nickel (PLD) (labelled Poly-C,N i) and conventional sputtered Pt (labelled Poly-Pt). To examine tlie performance o f PLD
1 3  carbon as a contact, a set o f x-ray detection characteristics w as studied and conpared to those o f Poly-Pt. Diis investigation
14 includes cunent-voltage characteristics, linearity and dose rate dependence, sensitivity and ^>ecific sensitivity.
15  photoconductive gain, stability, reproducibilitv^ and time response (rise and fall-off times). The experimental results suggest
2 g tlrat Poly-C/Ni is suitable for an x-ray dosimeter. It shows a higli signal to noise ratio (SNR) of -3300. approximately linear
2 y relationsliip between the pliotoaurent and the dose rate and a sensitivity o f 65 nC/'Gy. In addition the ciment signal is stable
 ^g and reproducible (vvitliin 0.26%) and tlie rise and fall-off times are less than 1.1 and 0.4 seconds, respectively.
^ 8  Kevwords: CVD diamond, radiation detector, dosimetric characteristics, carbon electrode, PLD
20
2 1  1 Introduction
The coiïosioii resistance and the radiation liardness of diamond allow it to be used for measiuing radiation in 
-3 difficult ciicmnstances / liarsh enviioiunents such as in nuclear waste monitoring [1]. Tlie strong atomic bonding
-4 in the ciystal smicttue is an advantage in diamond, wliich gives the material the ability to measure higli intensity
-  ionizing radiation with a long device life time.
-6  Diamond is regarded as a suitable material for radiation detection purposes when used as a solid-state ionization
-7 chamber. One of its advantages is its near tissue equivalence [1-6] where its atomic number is conparable to that
28 of human tissue (Z=6 for diamond and Z-7.5 for luunan tissues). TTius the eneigy absorbed by the diamond is
2 8 similar to that absorbed by hmuan tissue conq^ared to other semiconductor materials, which reduces tlie need for
^8 correction mechanisms [6]. Its higli bandgap (5.5 e\0 [1. 3, 7-9] ensiues a low dark current and hence a low
backgioiuid noise. It has a low sensitivity to the visible and IR parts of the spectnun. which is sometimes termed 
visible blindness [10]. making it optirniun for use in deep U\7photo detection. It has a liigh elecuon and hole 
mobility [2.3. 7, 8], wliich permits a fast time response of the signal.
It is preferable to use electrical contacts with low thickness and low atomic number in medical apphcations. For 
tliis reason, carbon as an electrical contact is an ideal choice. PLD of amorphous carbon and carbon rnetal
32
33
34
35
mi.xtmes allow us to control the electiical properties of the electrode layer by the variation of deposition 
parameters. Amorphous carbon films (containing a liigli pro)xution of sp’ bonds) are called dianioud-hke carbon
39
40
41
42
43
44
45 ^g companson
47
(DLC). they have similar properties to diamond, particularly of interest in this context are radiation hardness, 
tissue equivalence, non-toxicity and chemical inertness [2. 3]. Therefore the development of DLC as electrodes 
films will help applications in medical x-ray dosimetry.
hr this work, we compare the dosimetric cliaracteristics of tliree polycrystalhne diamond devices. Two of these 
devices are contacted with Carbon and a mixed C/Ni fihii by pulsed laser ablation of a graphite and a mixed 
graphite/Nickel target respectively. The tliird device is metahzed by conventional sputtering of Platiriiun for
The deposition by a laser helps the formation of a layer of carbon with a liigli quality and a very low percentage 
Ig of hydrogen [3]. which in turn reduces the conductivitv' of the material and consequently reduces the dark
 ^g durent. The quahty of tliis fihii depends on botli the ratio of spk'sp* bonded carton in the filni and also on many
preparation parameters such as the laser fluence, number of laser shots used, pulse diuation. and natiue of the
^ 2  giapliite target [4].
2 Sample preparatlou
2.1 Device Fabrication5354
55 The following section describes the equipment and process involved in Diamond like Carbon (DLC) deposition
56 onto the polycrystalhne diamond crystals using PLD as shown in figme (1). The starting materials were thermal
57
58
59 ;----------------------------------------
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giade polycrystalliiie diamond films (with dimensions of 10.5x10.5x0.5 mm  ^ in size) polished on both sides; 
they weie obtained fiom Element Six Ltd. (e6).
Piior to the electiode deposition, each diamond ciystal was cliemically heated for oxidation before DLC 
deposition to improve the surface propeilies and make sme. an oxygen temiinated stirfece with low dark airrent 
(high resisti\it\') was created. For the oxidation of the sanple 5 grams of potassium nitr ate (KNO3) were mixed 
with 20 ml of concenhated stilphiuic acid (HiSOJ and heated to a tençeratiire of 300 °C. Each aystal was tlien 
submerged in the boiling solution for 5 minutes; the ciystal was then washed with de-ionized water followed by 
acetone. Tliis was then followed by wasliing in isopropanol and at last another wash by using de-ionized water. 
Multiple sample holders and a rotating taiget holder aie housed inside a vacuum chamber (tjpically 6><10 ® Ton). 
A 25 ns pulsed KiF excimer laser (Lambda- Physik LPX 210i) operating at 248 nm is focused tlirough a quartz 
window onto the target to evaporate the material and form a plasma plume which then deposits a thin film on tlie 
smface of the sangile. The energy of the focused laser beam leads to the emission of liigli energy ions, atoms and 
clusters fiom the target with a driving force capable of converting the carbon bonds fiom sp' (grapliite) to sp^  
(diamond).
Key
p ad
Focusing lens
Rotating target-
Diamond sample
1 Substrate tiokJer
Computer
Figure (1): Sdieuiatic diagram of the tliin film deposition on die polycrystalline diamond using tlie Pulsed 
Laser Deposition (PLD) technique.
The focused laser beam falls on the carbon target smface (which is 6 cm away from the sangiles) with an angle 
of 45° witli respect to the noimal of the target smface. Before any deposition tlie target is cleaned for 10 minutes 
while rotating witli a speed of -40 ipm to remove any contamination present on the top layer of the target 
smface. Dming tlie deposition process, the target is also rotated at the same speed. Deposition of each film was 
caiiied out using 2500 laser shots.
In order to deteniiine the optiniimi fluence required for the carbon to adliere to the diamond sanqile and to give a 
film with a good quality , fom different fiuence values were investigated on low cost SiO^  samples. The \'alues of 
the fiuence used were 3, 4, 5 and 6 J/cnf. It was fomid that the increase of the fiuence results in the increase of 
stiess wliich results in poor adhesion (adherence) of the deposited layer. A fiuence of 4 J/cm' (focused to a spot 
size of 2x0.5 nini )^ was found to be the optimmn and was achieved using 40 raJ of eneigy per pulse with a 
repetition rate of 10 Hz.
A shadow mask was placed on the samples that incoiporated tlu ee circles of diameters 2. 4 and 5 nun creating 
tluee devices on each ciystal. Two different taigets weie used for the fabrication of the derices by tliis method. 
The fii’st w as a pyrolytic giapliite taiget (Kml .T. Lesker, with a pmity of 99.99 %) and the second target used was 
C/Ni; 80:20 (at. %). The tliiid derice was fabricated by conventional sputtering of Pt (using an Edwards 
K575XD Tmbo Pmiiped Higli Resolution Sputter Coater). The tluee polycrystalline diamond detectors 
fabricated were labelled Poly-C, Poly-C/Ni and Poly-Pt accordingly. After contact deposition the devices were 
aiuiealed at 600 °C for 10 minutes, to remove any hydiogen fi^ oni the surface of the diamond samples in order to 
get low dark cmrent [5]. This was achieved using a Lenton low pressme fiunace operated rrith 100 seem of 
Hehmii. Tlie ranqi rate of the heating oven is in the 15-20 °C/min range.
The tluee derices rvere moimted on printed circuit boaid (PCB). using a small dot of gold paste on the centre of 
the tluee deposited circles. Three gold wires (tliickness of 24 (uii) w ere attached to the tluee circles on the top
176
usiug Conductive Silver Epoxv’. The other end of the gold wires were connected to then coirespondmg copper 
pads on the PCB using silver pamt as shown in figure (2). Tlie pads are connected witli standard electiical wires 
connected to a BNC bulkliead connector.
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Figure (2): Photograph o f  the Poly-CN i diamond detector.
For rhe purpose of the follow ing experiments only the metal contact of size of 4 mm diameter wras 
used when performing any measurements. It should be noted that the tluee contacts on each of tlu ee 
samples w as tested and consistent data observed.
2.2 Charactei isatloii of the PLD layers 
Raman spectroscopy
The stmctiue of the deposited carbon film on polycrystallhie diamond was characterized before and after 
amiealiug usmg Raman spectroscopy. The Raman spectroscopy was carried out using a Renishaw MicioRarnan 
system at a wavelength of 514.5 run.
The result shows prior to armealing. the existence of a G peak as seen m figme (3.a); it means that the carbon 
film has sp- bonded atoms in the film. Additionally, the weak D peak indicates very little disordered hexagonal 
sp" content in the film [7]. Tlie D position. G position and the G peak FWTDvI are mdicated in table 1. Tliis peak 
shape is consistent with the deposition of liigh sp’ DLC [6].
D pos (c m ') G pos (cm ') G FW T D I
Before annealing 1350 1550 100
A fter anneahng 1385 1580 70
Table (1); G and D peaks o f the Poly-C before and after annealing
However, after armealing sp’ bonded chams become giapliitic clusters. The D peak mtensity mcreases as the D 
peak indicates detects in sp’ hexagons (i.e. edges of sp’ hexagons).
2250 25001500 1750 20001000 1250
§
I
1 00.0 0 2 0,4 06 0.8
Raman shift ( em*^) Energy ( KeV )
Figme (3); (a) Raman spectr oscopy of the Poly-C before and after armealing (b) Energy Dispersive X-roy (EDX) of 
tire SiOi-C/Ni device.
.'^ n Energy Dispersh e X-ray (EDX) rneasmernent was performed to check the Ni fiaction hr the deposited frhn 
as shown in figme (3.b). The CarboiiNickel ratio was determined (as atomic percentages) fiom frhns deposited
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ou a SiOj/Si substrate with the aid of au Oxford INCA Peuta FETx3 EDX system iu combination with a FEI 
Quanta 200F scanning election microscope, hi order to quanti^' the results, an EDX spectnun of the taiget 
wliich had a known conposition of 80:20 (atomic %) of C: Ni was also taken. Calculation of the Carbon and 
Nickel peicentages was done using Gaussian fits.
3 Electiical cliai aclerkallou and x-ray measurements
3.1 I-V characteiistics
The cmient-voltage chamcteristic of the three polyciystalline diamond devices was investigated in dark 
conditions and under X-ray inndiation as shown in figme (4.a-c). The irradiated cmves were obtained at two 
different dose rates of 1.5 and 2.45 Gy/min. The hradiation of the tliree devices w as canied out using 50 KVp X- 
rays firom a rnolybdeniun reflection taiget (Oxford instnuueuts XF50 11). Dose rates are adjusted by changing 
tlie x-ray mbe anode cmrent and were calibrated by a 0.6 an* ionization chamber (model iiiuiiber NE2571A).
The bias voltage is applied tlirough the top contact and varies fiom -200 V to +200 V with voltage steps of 2 V. 
All cmrent measmements were peifoiiued using a Keithley 487 Pico ampere meter which took measmements 
after a registration time of 30 seconds conesponding to the change of each bias voltage, in order to measure the 
equilibrimn cmrent. Tlie tliree devices were pre-iiradiated with an x-ray dose of ~10 Gy before any 
measmements were taken.
ite-ll
le-13
le-M
-an -ISO -ICO m
Figme (4): I-V characteristics o f  the thiee diamond samples (a) Poly-C (b) Poly-C/Ni (c) Poly-Pt botli in dark 
conditions and nndei" diffeient dose rates o f 1.5 and 2.45 Gy/min.
It is clear fi-oni figme (4) tliat the dark cmreiits are very low (below 25 pA between -200 V and +200 V) which 
inplies that these devices have a high resistance ( -l.lx io "  Q - deduced fiom the dark crurent at +100 V). Tlie 
hidiest dark cmrent is observed in Poly-C which is believed to be attributed to the presence of defects 
introduced in the caibon-dianiond intaface dming the deposition of carbon onto the polyciystalline sample. 
Tliese defects aeate enagy state levels witliin the bandgap of the device. These defect levels increase the 
tiansition probabihty of elections fiom valance band (VB) to conduction band (CB) via tlieniiai excitation. A 
valence baud election can be themially excited readily to a defect level and subsequently to tlie CB there by 
generating a fiee electrou-hole pan. Tliis kind of defect assisted thennal generation of electron hole pairs, 
increases the magnitude of dark cmrents.
In all three devices shght asymiiielry is observed with bias showing consistency with those results reported by 
Benedetto et.al. [8] who attributed it to the difference in jiuiction barriers at the electrode diamond interfaces. 
This is assumed to be caused by limited reproducibility of the cleaning and fabrication process.
Under x-ray irradiation inaeasing the dose rate results in a positive shift in the cmve Generally, Poly-C shows 
tire lowest photociurent response among all the devices and an asyrmnetrical beliaviom. Tliis is due to the 
presence of defects introduced in the carbon-diamond interface (as described earlier). Wlien irradiated these 
defects capture free electrons and holes (created by ionisation vvitliin the detector) leading to a build-up of space 
charge. This in tmri creates and internal electric field opposing the external field leading a reduction in photo 
cmrent. Due to the low photociur ent and liigli dark cmrent of tliis device, a low signal to noise ratio (SNR) is 
observed. Tliis result is of the same order as suggested in previous repons (SNR ranging fr om 10 to ICO) by 
Fidanzio et.al. [9.10] for a polyciystalline CVD diamond sangle with thickness of 50 pin.
In contr ast, the photociurent plots in figme (4.b) and (4,c) of Poly-C/Ni and Poly-Pt show a similar behaviom 
(the induced ciment at a positive bias is approximately the same at a negative bias - vvitliin a factor of 10 %). It is 
believed that the addition of nickel to the carbon condensates for the effects of the defects within the carbon 
diamond interface due to its higli conductivity. Tliis is mider frulher investigation. The SNR of Poly-C/Ni and 
Poly-Pt is liigher than 1000, satisfying the reconunendations of the IAE A for medical dosimetry devices [11].
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The significant increase in the ciment signal with inaeasing bias voltage can be inteipreted as described in 
previous reports [12-15] where the higlier the bias voltage, the greater the charge collection in the device and 
hence the rapid rate of e-h recombination phenomenon can be over come. However the dark ciment increases.
.411 ciment measurements for the subsequent characterisation for the tluee devices were peiionned at 50 V bias 
voltages because it prov ided the best SNR vvMst at the same time providing the optimmn signal in terms of time 
response and stabihty.
3.2 Signal amplitude
Coupai ing the sensitivity parameters of the tluee devices there is a significant difference between the Poly-C. 
Poly-C,Ni and Poly-Pt devices. For the Poly-C device the sensitivitv^  value was -6 iiC/Gy. This value is 
consistent with previous reports [9, 16] by Descanps et al and Fidanzio et al who foimd a sensitivitv? of (2 -3) 
nC/Gy for polyciystalline diamond samples. Their result is explained to be due to the liigli defect concentiation 
in polyciystalline material. As for Poly-CNi and Poly-Pt tlie sensitivities wae foimd to be 65 and 37 nC/Gy. 
respectively. It should be noted that all sensitivity calculations were paforined at 50 V bias.
For the three detectors reported here, specific sensitivities of about 3.8. 43.5 and 23.6 (nC Gy* nun'*), were 
obtained. The value of Poly-CNi is nearly the same order as typical values suggested in tire hteiature (50- 135 
nC/Gy.nun*) [9, 17-21] for PTW' natural diamond and for polycrystalhne C\T) diamond (- 77 nC/Gy.nun* at a 
bias of 100 \0  [10].
It should fiutheimore be noted that there is a significant difference in SNR for the tluee devices. In case ofPoly- 
C a very low SNR value of -70-80 was observed. This is due to the higlr dark ciment and its low photociment 
value. As for Poly-CNi and Poly-Pt the SNR is satisfactory as per the reconunendations of the IAEA (report 
374) [11] (liigher than 1000) i.e. -3.3’«-10* and -10'’, respectively. Tliis is due to the very low dark ciment and 
relatively liigli photociment.
The measmed value of the SNR. in Poly-CNi is the same order in previous repoits by Galbiati et al. [22] who 
fomid a SNR of 3.3x10* for single crystal C\T> diamond with DLC/Pt/Au contacts on both sides when exposed 
to Co-60 y-rays at 100 V. In that report the DLC was deposited by DC magnetron argon sputtering. In an other 
report [23] the SNR was 776 for single crystal diamond witli a contact of nickel on one side and gold on the 
other side, wiiich is consistent with the value of Poly-Pt.
Photoconductive gain or the charge collection efficiency (CCE). of an ionizing radiation detector, is considered 
one of the most important parameters that can determine the efficiency of the device in use for radiation 
detection. Generally, when the detector is irradiated, a cmrent (Ijro„„ed) will be generated in the detector, wliich 
sequentially induces a cmrent (Ioi„n«d) iu the external circuit. The photoconductive gain value is known as the 
ratio between the cmrent measmed by the ciment meter and the theoretical cmrent generated vvitliin the detector 
as a result of irradiation, i.e. dose rate. If the contacts aUovv charge injection it is given as the ratio between the
average hfetime of the charge carriers, r. to the transit time Tr ( Gain -   ^ ) of the dominating carrier
tvpe contributing to the signal.
The expected value of the theoretical ciment can be calculated fiom the equation:
I generated  ^ ,
WTiere: D, p,e,v and ir are the dose rate, density of diamond, elementary charge, sensitive volume and the energy 
requir ed to produce e-h pair in diamond (13.2 eV in uatiual diamond) respectiv ely.
The calculated values are acquired at a bias voltage of 50 V and a dose rate of 1.5 Gy/min. The results are shown 
in table (2). It is obvious from table 2 tlrat Poly-C has the lowest gain vvliilst Poly-C,Ni has the liighest 
photoconductive gain. Hie gain value of Poly-C,Ni is approx. the same order to the tvpical value suggested by 
Fidanzio et al [9] (-0.1) for polyciystalline diamond with dose rate and bias voltage of 3.5 Gy/rnin and 100 V.
Device
Bias
voltage
( \ 1
Imeamjed
(A) SD (A) (A)
Gain
factor nC,Gy ijç/Gyjjmi-'
SNR
Poly-C SO 1.60x10“ 7.40x10'" 2.15x10'“ 6.5x10'® 2.47x10'* 6 3.8 70-80
Poly-ONi 50 1.82x10'’ 4.84x10'“ 5.5x10'“ 1.04x10'* 175x10'* 65 43.5 3300
Poly-Pt 50 1.01 X10’ 3.77x10'“ lxlO'“ 416x10* 24.3x10'* 37 23.6 1000
Table (2): The gain factor, sensitivity, specific sensitivity and SNR of tlie tluee devices were obtained with 
hradiation bv a dose rate o f 1.5 Gy.'nihi and luider bias voltage o f 50 V.
179
3
4
5
6
7
8 
9
10
11
12
1 3
14
1 5
1 6
1 7
1 8
19
20 
21 
22
2 3
2 4
2 5
2 6  
2 7  
2 8
2 9
30
31
3 2
3 3
34
3 5
36
37
38
39
40
4 1
4 2
4 3
4 4
45
4 6
4 7
48
4 9
50
51
5 2
53
54
5 5
56
57
58
59
60  
61  
6 2
63
64
6 5
3.3 Time response (Rise and fall-off times)
Tlie aim of tliis e^ qieriiueiit is to measiue the rise and fail-off times and the time dependency of the three 
different polyciystalline diamond sangles. All ciment measurements were performed at a fixed dose rate and 
bias voltage of 1.5 Gy/min and 50 V. respectively. The rise time. is the time between 10% and 909 6 of
the steady state cmrent. The fall-off time is calculated by measuring the time between 90% and 1096 of the 
steady state ciment.
2e-9
2e-9
2e-9
<  2e-9
1e-93 le-9
5e-10
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Figure (5): (a) Time response and (b) magnified rise and fall-off times o f the thiee sauyles under fixed bias voltage and 
dose rate o f  50 V  and 1.5 Gy/min. respectively.
Figme (5) shows that the tluee deiices (Poly-C. Poly-C/Ni and Poly-Pt) have fast rise and fall-off times. The rise 
times are approximately the same with 1.4. 1.1 and 1.25 seconds, respectively. The observed fall-off time is -0.4 
seconds and limited by the equipment. It must be noted that a fast detector response time is inqxulant as it leads 
to the ability to detect sudden changes in the x-ray beam.
Figme (6) displays the evolution of the photociurent signal for the three polyciystalline diamond deirces at a 
fixed bias of 50V as a fimction of time.
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Figme (6): Time evolution o f the tluee san:q>les at different diu ations o f  x-ray switching 
on times o f 20 sec. 2 and 5 min. All ciment measmements were perfoimed at a fixed dose 
rate o f 1.5 Gy'mill.
The cmrent signals of the tlu ee sanqrles are consistent and sliare the same slope dming the start of the x-ray 
irradiation. Additionally, the cmrent signals show very fast rise and fall-off times. It should be noted that the 
previous obseivations that come fiom the tluee deiices have an adequate value in both stability and 
reproducibilitj- (<0.596). hi another report. Buttar et al. [19] foimd that for polyciystalline CAT) diamond the 
initial cmrent response to x-ray irradiation increased by -  2096 with dose. This is believed to be due to the 
priming effect.
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3.4 Reproducibility
Reproducibility (or repeatability) is considered one of the main parameters that should be fiilfilled for use iu 
dosimetric applications. It should be less than 0.5% as recommended by the International Atomic Energy 
Agency (IAEA) [11]. The stability and the reproducibility of the cmrent response were estimated by taking the 
per centage ratio of the standard de\ration (SD) to the average photociurent value imder exposme of a fixed test 
dose rate of 1.5 Gy/min and 50 V bias voltages.
(Reproducibility’=
verage) J
Sample
No. of 
re-use
Average
ciureut
(A)
SD Reproducibility 96
1" 1.6e-10 7.36e-15 0.459
Poly-C:
1.59e-10 7.40e-13 0.464
1.6 le-10 7.43e-13 0.459
I 1.60e-I0 7.40e-13 0.461
1“ 1.8 le-9 4.22e-12 0.233
Poly-C,N i
l.S’e-9 4.07e-12 0A23
3rd 1.83e-9 6.23 e-12 0.341
I l-S2e-9 4.84 e-12 0.266
1“ 1.Ole-9 3.62e-12 0.358
Poly-Pt
1.0 le-9 3.40e-12 0.336
3rd 1.0 le-9 4.30e-12 0.425
I 1 Ole-9 3.77e-12 0A73
Table (3) Reproducibility of the tlu ee polyciystalline diamond samples imder fixed bias voltage 
and dose rate o f  50 V  and 1.5 Gy/min. respectively.
According to the data proi’ided in table (3) reasonable reproducibility (<0.596) is obtained, wliich is satisfies the 
recouunended limit of the IAEA for dosimetric assessments. It demonstrates the liigh stability of the steady state 
cmrent. Tlie values are consistent with typical \alues reported in preiious work (0.32 %) by Galbiati et al. [22] 
for a single ciystal diamond har ing a DLC/Pt.'.Au contact exposed to irradiation of Co-60 y-rays at an electric 
field of 0.2 V/pm. They are also consistent with those reported by Fidanzio et.al. [10] wlio fomid a 
reproducibility o f-0.5% for polyciystalline CAT) diamond after pre-irradiation with 5 Gy.
3.5 Lineality and dose rate dependence
The aim of tliis section is to study the linearity of the photociurent as a fimction of the irradiated dose rates. Tlie 
induced cmrent signals are obtained at different dose rates ranging fiom 15.5 to 245.5 (cGy/min) at fixed bias 
voltages of 50 V. The tluee devices were pre-irradiated with an x-ray dose of -10 Gy before any measiuements 
were taken. It should be noted that minimal difference is observed before and after tlie pre-irradiation dose was 
performed.
Generally, figme (7.a) shows that the major ity of the signals in the tluee sariples display a step-like change in 
cmrent when irradiated with x-rays without observing the imdesired effects such as priming or the persistent 
photociurent. In addition there is an increase in the photociurent as the dose rate increases but not at tlie same 
rate as can be seen in figme (7.b). It should be noted that the time diôerence between 9096 and 10096 and 1096 
and the riiiriiriiurii value (dark cmrent) of the steady state (equilibrium) cmrent is negligible. An exception to the 
last observation is Poly-C, wliich displays a stabilization time between 9096 and 10096 of the steady state cim ent 
which is sliglitly liigher than that of the Poly-C/'Ni and Poly-Pt samples but only at low dose rates.
Figme (7.a) shows that the Poly-C sample lias the lowest photociment response among the samples, wliile for 
Poly-C/Ni the photociurent has the liigliest response with a higli stabihty in the steady state cmrent. Poly-Pt 
figme (T.a) shows a small overshoot at the beginning of the x-ray irradiation followed by a stable steady state 
cmrent.
The linearity' of a radiation detector, i.e. the var iation of the cmrent /  as a fimction of the irradiated dose rate (D). 
can be expr essed usirrg the Fowler relationship [24];
Wliere: is the dark cmrent. The exponent A, sometimes referred to as the fitting coefficient, or the linearity
index is a constant showing the deviation fiom linearity. It usually varies between 0.5 and 1.0 if all the traps in 
the crystal have the same captiue cross section. Tlie measmed value of A is expected to equal one if all the traps 
are distributed luiiformly or quasi miiformly inside the diamond material. A equals approximately 0.5 if fiee
181
charge earner recombiiiatioii doiuiuates i.e. iu the case of ver>’ low trap densities or liigli excitation rates. 
Additionally, the value of A can exceed one. if the tr aps iu the crystal har e different captiu e cross sections or are 
distributed uon-iurifonnlv.
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Figure (T); (a) Current signals as a fimction o f time and (b) dose rate dependence in the tinee samples at diffeient 
dose rates ranging fiom 15.5 to 245.5 cGy/min. The measurements were performed imder 50V bias voltage.
Deriatiou fiom linearity can also be attributed to charge carriers trapped in defect levels (trapping centres), 
wliich reduce the charge hfetirues (r) [25]. Measiuing A is parliculariy irnporlant in the case of x-ray dosimetry, 
becairse using that value allows one to rneasine the corrective factor tliat can allow for calculating absorbed dose, 
hr the case of A equals one. the integr ated photociur ent of the deuce does not depend on the dose rate, wliich is 
an aduuitage in dosimetry applications.
Figm e (7.b) displays the photociur ent ver sus dose rate of the tlu ee deuces (Poly-C (blue). Poly-C.''Ni (black) and 
Poly-Pt (red)). Tlie photociurent values were extracted fiorii figme (?.a). As seen in both Poly-C/Ni and Poly-Pt 
a relationship is obserred between the cmrent and the dose rate with similar A values of 0.86 and 0.85. 
r espectively. These values indicate that there is an approx. miiforrii tr ap distribution wliich could be related to the 
stnictiue of polycrystalliiie diamond. The measmed s alues of A. in both Poly-C/Ni and Poly-Pt har e approx. tlie 
same order to the tspical salues suggested in the literatme (0.86-1.035) [9. 17-21] for both PT\V natmal 
diamond and suithetic CAT) diamond des ices. A similar result was reported by Buttar et al. [19] for 
polycrpstalline CAT) diamond dosimeters ssrth Cr.Au contact on both sides using 250 KA* X-rays, sshere a 
sh^tly non-linear relationsliip with dose rate (A % 0.91) was observed.
Hosves'er for Poly-C the resulting "best" fit line seems to indicate a posser relationsliip with a A value of 0.73. 
One possible explanation for this reduced A s alue could be the carbon deposition creating defects near the 
carbon-diamond interface. Tliis in turn could lead to a liiglier accumulation of negatis e charge in the region close 
to the anode and positise charge near the catliode. ssliich in tmn reduces the external applied electric field, and 
consequently tlie cmrent response. Tlie increase in space charge ssitliin this sariple may be due to the deposited 
amorphous carbon producing a higlier defect concentration.
A sery losv A (non linear) salue of 0.7 ssas observed for a polycrystalhne CAT) diamond sample in a previous 
report; the sub-linear relationship is attributed to the r educed charge collection efficiency of the sample with 
dose rate. Tliis effect is attiibuted to the presence of traps wliich effects the dose rate dependence [10]. Tlie 
liiglier the dose rates, the liiglier the e-h creation ssitliin the desice leading to a liigher probabilits- tliat the traps 
ssitliin the detector ssill be filled. Tliis build of space charge reduces the external electric field, consequently 
reducing the r esponse of the desice. Tliis could be the reason for the non-liriearit)' at tliis case.
It should be noted tliat the salue of A could approach 1 at a high bias s oltages as it svoirld increase the charge 
collection efficiency (a higlier proporlion of the produced charge earners are collected at the external circuit) of 
the desice. How es er this svould be at the expense of the SNR due to the increase in tlie dark cm rent svith bias.
4 Coiiclnsious
The pmpose of tliis study is to develop x-ray dosimeters ss hich are as close to tissue equis alerit as possible using 
PLD to deposit Carbon electrodes on polyciystalline diamond. In both Poly-C/Ni and Poly-Pt the dark ciments 
are s ery loss (belosv a fesv pA betsseeri -200 V and +200 AO- Poly-C shosss a relatis ely liigli dark ciment, 
howes er tliis is still below 25 pA at the same bias interval.
Poly-C sliosvs the lossest pliotociment response among all the devices (i.e. the ciment response of the tliree 
devices are 1.6x10"'°. 1.8x10'° and 1.01x10"° A. respectisely). The majority of the signals in the tluee des ices 
display a step-hke change in cmrent sshen irradiated ssrth x-rays without observing imdesired effects such as the 
persistent pliotociment.
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Li both Poly-C/Ni and Poly-Pt an approximately linear relationsliip is observed between the cim ent and the dose
1 rate with A values of 0.86 and 0.85. respectively. For Poly-C the resulting “best” fit line seems to indicate a
2  power relationship with a lower A value of 0.73. Conçaring the sensitisit)' parameter of the tliree desices there
3  is a significant difference between the Poly-C, Poly-C/Ni and Poly-Pt desices (i.e. 6, 65 and 37 nC/Gy,
4  respectisely). Reasonable reproducibility (<0.5%) is obsersed for the three desices (i.e. 0.46. 0.26 and 0.37 %,
5  respectisely) which satisfy the recommendations of the IAEA
g In case of Poly-C a sery low SNR s alue of -70-80 was obsersed. As for Poly-C/Ni and Poly-Pt the SNR is
7  satisfactory as per the recommendations of the IAEA (higher than 1000) i.e. -3300 and -1000, respectisely. The
8 rise time of the three desices hase approximately the same salues of 1.4. 1.1 and 1.25 seconds, respectisely.
9  Also, the fall-off times of the tlu ee desices are less tlian -0.4 second.
10 nie obtamed resnlts corrfimed that the deposition of C/Ni by PLD technique oh polycry'stoUme i\m comparable
11 or e\m better than those fabricated by conreiitional sputtering ofPt. Finaliy, Poîy-^ C/Ni succesi^ uliy satined
12 majoriti.'ofthedosimetiic requirements set out nithin the intemationai standards.
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